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 ABSTRACT 
Controlled Synthesis of Polymer Brushes via Polymer Single Crystal Templates 
Tian Zhou 
Advisor: Christopher Y. Li, Ph. D. 
 
A novel synthetic method of polymer brushes using polymer single crystals (PSCs) 
as solid-state templates is introduced in this study. PSC has a quasi-2D lamellae structure 
with polymer chains fold back-and-forth perpendicular to the lamellae surfaces. During 
crystallization, the chain ends are excluded from the unit cell onto the lamellae surfaces, 
which makes the material extremely versatile in its functionality. Such structure holds the 
unique capability to harvest nanoparticles, or being immobilized onto macroscopic flat 
surfaces. After dissolving PSCs in good solvent, polymer brushes are chemically tethered 
on either nanoparticles or flat macroscopic surfaces. Because the chain-folding structure 
can be conveniently tailored by changing the molecular weight of polymer and the 
crystallization temperature, the thickness, grafting density and morphology of resulted 
polymer brushes can be precisely controlled. 
As a model system, poly(ε-caprolactone) with thiol or alkoxysilane terminal groups 
was used, and polymer brushes were successfully prepared on both nanoparticles and 
glass/Au flat surfaces. The structure-property relationships of the as-prepared polymer 
brushes were studied in detail using multiple characterization techniques. First of all, when 
functionalizing nanoparticles, by engineering the chain-folding structure of the PSCs, 
interesting complex nanostructures can be formed by nanoparticles including Janus 
nanoparticles and nanoparticle dimers. These unique structures render hybrid nanoparticles 
very interesting responsive behavior which have been studied in detail in this dissertation. 
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When grafted onto a flat surface on the other hand, not only the molecular weight 
and grafting density can be precisely controlled, the tethering points of a single polymer 
chain can also be conveniently tailored, resulting polymer brushes with either tail or loop 
structures. Such difference in brush structure can significantly alter the properties of 
functional surface. By using atomic force microscopy based force spectroscopy (AFM-FS) 
and macroscale shear adhesion measurements, it is thus demonstrated that when polymer 
loops are grafted, the surface could exhibit much stronger adhesion compared with regular 
polymer tails when free-dangling polymer chains are allowed to interact with the surface, 
which is believed to mimic the Velcro-like behavior where polymer loops can withhold 
strong entanglement with free chain ends upon breaking of the physical bonding. 
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 CHAPTER ONE: INTRODUCTION 
 Background 
Polymer brushes are defined as long-chain polymer molecules tethered by at least 
one end to a solid substrate or interface via either physical or chemical interactions, with a 
areal density of attachment points high enough so that the chains are obliged to stretch 
away from the interface, much farther than the typical unstretched size of a chain (see 
Figure 1.1). This situation is quite different from the typical behavior or flexible polymer 
chains in a solution, where the long molecules adopt random-walk configurations.1-3 A 
series of studies have shown that due to the deformed structure of densely grafted polymer 
brushes, their behavior are strongly affected which results in many unique physical 
properties of polymer brushes.2 
 
 
Figure 1.1 Structure of polymer brushes on flat solid surface (a), curved surface (b) and at 
interface (c). 
 
Polymer brushes started to attract attentions in 1950s when it was found that grafting 
polymer molecules to colloidal particles was an effective way to prevent flocculation.4-6 
This means that the brushes of two approaching particles can resist overlapping thus the 
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colloidal stabilization can be achieved, and this repulsive force between polymer brushes 
was believed originated from the high osmotic pressure inside the brushes. With the 
discovery of novel polymer structures and development of polymerization techniques, the 
development of polymer brushes started to soar during the past couple decades, and they 
have found applications in numerous science and engineering fields. For example, polymer 
brush coating can be employed in tuning the surface mechanical properties such as 
adhesion and friction behavior.7-9 In biological area, significant efforts have been dedicated 
to the development of polymer brush coating with controlled protein interactions for cell 
immobilization and release for many clinical applications,10-12 which has been realized via 
the utilization of stimuli-responsive polymer brush coatings.13-15 Anti-fouling surfaces 
fabricated using various polymer brushes systems have also been demonstrated showing 
outstanding performance in preventing the formation of bacterial biofilms.16-20 With 
careful design of the chemical structures of polymer brush systems, they can also be used 
in filtration,21-25 biological sensor,26-29 organic electronic devices,30-32 and energy related 
applications.33-37 
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Figure 1.2 Illustration of the synthesis approaches for polymer brushes: (a) grafting-to and 
(b) grafting-from. 
 
The rich library of chemical structures of polymer brushes has been established 
thanks to the fast development of preparation techniques, which has significantly 
accelerated the in-depth understanding of the structure-property relationship of polymer 
brushes. As illustrated in Figure 1.2, polymer brushes grafted on a solid substrate are 
usually synthesized via two methods: grafting-to and grafting-from. Both grafting-to and 
grafting-from methods can be used to fabricate chemically tethered polymer brushes. In 
grafting-to approach, preformed polymers react with solid substrate via their chain ends to 
form polymer brushes, while in grafting-from method, chemical initiators are firstly 
immobilized onto the solid substrate, followed by surface-initiated polymerization of 
certain monomer, which eventually gives brush structure. Each method holds their unique 
advantageous and disadvantageous compared with others, which makes them suitable for 
synthesis of different polymer brushes requiring various molecular weight (MW) and 
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grafting densities as summarized in Figure 1.3, which clearly demonstrates the specific 
characteristics of each method in the controlling of both MW and grafting density of as-
prepared polymer brushes. Generally speaking, since grafting-to method start with pre-
designed polymers, the control over their MW and polydispersity (PDI) can be very precise. 
However due to the strong steric hindrance effects raised from grafted polymer chains to 
incoming free molecules, it’s very difficult to prepare polymer brush layers with densely 
grafted molecules using this method, although some efforts dedicated to increase the 
grafting density of as-prepared polymer brushes via grafting-to have been proven 
successful including using concentrated polymer solution, polymer melt or the so-called 
“cloud point grafting” methods.38-41 To solve this problem, grafting-from method was 
developed which directly initiated the growth of polymer chain from initiator 
functionalized substrate via different polymerization mechanism.39, 42, 43 Using this 
approach, very dense polymer brushes can be synthesized, while the development of 
controlled polymerization techniques provides a tool for the growth of polymer brushes 
with well-defined chemical structure and low PDI,44, 45 which makes it the most attractive 
synthetic strategy among them all. Nonetheless, while the importance of highly dense brush 
layer to many applications has been clearly demonstrated,46-53 as indicated in the black 
square in Figure 1.3, polymer brushes with exceptional high grafting density (> 1 chain/nm2) 
have been rarely reported even with grafting-from method. Hence, it is necessary to 
develop a highly controlled synthetic method with potential to tackle the current challenges 
in reaching higher grafting densities. 
 
5 
 
 
Figure 1.3 Summary of the molecular weight (MW) and grafting density (σ) of polymer 
brushes synthesized via different approaches (grafting-to40, 41, 46, 54-64 and grafting-from9, 65-
76). 
 
Other than developing novel chemical structures of polymer brushes for different 
applications, recent studies have also focusing on the physical structure alternatives of 
polymer brushes and their related properties. For example, Janus nanoparticles with binary 
polymer brushes grafted on two opposite hemisphere of a single nano-object (Janus hairy 
nanoparticles, JHNPs) have emerged as one of the most interesting hybrid materials due to 
the physical distribution of polymer brushes which renders these materials fascinating 
anisotropy, making them promising candidates in applications such as surfactant,77, 78 
compatiblizer,79 and building blocks for dynamic self-assembly.80-82 Another very 
interesting alternation of polymer brush structure is the formation polymer loop brushes 
(PLBs) with both of the two chain ends of one polymer chain being tethered. This structure 
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has been theoretically studied in the 1990s by several research groups which showed that 
due to the additional tethering on the substrate and the lack of free tails, PLBs exhibit very 
different kinetics and lateral diffusion efficiency compared with single-tethered polymer 
brushes (STPBs).83-85 Because of these unique properties, PLBs are superior in many 
applications.86-88 To synthesize polymer brushes with these specific structures has been 
proven challenging using traditional methods mentioned above, especially for the synthesis 
of uniform PLBs. Thus, in order to acquire more in-depth understanding of these polymer 
brush system, a more promising approach needs to be proposed and studied. 
In summary, because of the abundant variations of both physical and chemical 
structures, polymer brushes are promising materials for numerous application fields. The 
detailed studies on their physical and chemical structures will be of great significance in 
both the understanding of fundamental polymer science and the guidance for better design 
of materials. However in spite of the rapid development of polymer brush synthesis 
techniques and extensive studies on their mechanisms and applications, there are still many 
limitations. Thus, the exploration of a more versatile synthetic approach for different 
polymer brush physical/chemical structures is of great significance. 
 Contributions 
The thesis is divided into 9 chapters. Chapter 1 describes the general background, 
motivation and objectives of this research. Chapter 2 covers a more detailed review on the 
theory, synthesis, properties and applications of polymer brush materials, followed by a 
brief introduction of polymer single crystal templating (PSCryT) method. Chapter 3 
discusses all the materials and characterization techniques that have been employed in this 
study. Chapter 4 to 8 cover detailed results and discussions on the synthesis of polymer 
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brushes on both curved surface and flat surface using PSCryT method, and the related 
properties that exhibited due to the polymer brush structure control. Chapter 9 includes 
conclusions of the outcomes from this dissertation and recommended future work. 
The main contributions of this thesis include: 
 Synthesized Janus-structured nanoparticles asymmetrically grafted with 
amphiphilic poly(N-isopropylacrylamide) (PNIPAM) and poly(ε-caprolactone) 
(PCL) polymer brushes. Because of the lower critical solution temperature (LCST) 
behavior of PNIPAM and the Janus structure of nanoparticles, they exhibit unique 
thermo-responsive properties. Detailed synthesis and characterizations of these 
materials will be summarized in Chapter 4. 
 Developed a generalized one-step synthesis method for nanoparticle dimers in 
solution based on PSCryT method using extended-chain crystal lamellae as 
templates, and the polymer brushes chemically tethered on nanoparticle surfaces 
are served as flexible linker for dimers. Chapter 5 will cover the detailed 
discussions on the synthesis, characterizations of these nanoparticles, and 
interesting environmental responsive properties rendered by flexible polymer 
brush linkers are also demonstrated. 
 Demonstrated the capability of PSCryT method in controlling the polymer brush 
structures on flat surface. Other than the fabrication of polymer brush grafted 
nanoparticles, PSCs can also serve as polymer brush templates for the 
functionalization of flat surfaces via solid phase immobilization process. 
Compared with traditional polymer brush synthesis method on flat solid substrates, 
this method is advantageous in many aspects, and the most significant one is that 
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it provides precise control over polymer brush conformation between single-
tethered and loops. Systematic studies on the synthesis method and polymer brush 
structures are included in Chapter 6. 
 With uniform loop-shaped polymer brushes coating on solid substrates available 
via PSCryT method developed in this study, it can be used to mimic molecular 
Velcro interaction which is commonly seen in biological adhesive systems. The 
experimental design and results demonstrating how polymer brush conformation 
(loops vs. single-tethered brushes) affects the adhesion performance are 
introduced in Chapter 7 & 8. 
Related publications: 
1. Zhou, T., Wang, B., Dong, B., and Li, C.Y., Thermoresponsive Amphiphilic Janus 
Silica Nanoparticles via Combining “Polymer Single-Crystal Templating” and 
“Grafting-from” Methods. Macromolecules, 2012. 45(21): p. 8780-8789. 
2. Zhou, T., Dong, B., Qi, H., Lau, H.K., and Li, C.Y., One-step formation of 
responsive "dumbbell" nanoparticle dimers via quasi-two-dimensional polymer 
single crystals. Nanoscale, 2014. 6(9): p. 4551-4554. 
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 CHAPTER TWO: AN OVERVIEW OF POLYMER BRUSHES 
 Theoretical description of polymer brushes 
Polymer brushes are a central model of many important problems in polymer science 
such as polymer micelles,89 block copolymer at fluid-fluid interface,90 hairy particles,91 etc. 
As a highly versatile platform, polymer brushes exhibit rich properties with variations in 
their structures and the environment they are exposed to, thus fulfilling different 
application requirements. For example, they can be composed of neutral flexible/semi-
flexible polymer brushes, polyelectrolyte, liquid crystalline polymer brushes, copolymer 
brushes, mixed brushes, etc.92 The solvent environment that polymer brushes are exposed 
to can be good, theta or poor solvents,93 and the geometry of surface to which polymer 
chain ends are tethered can be flat or curved.74, 94 Because of such rich variations, numerous 
theoretical models have been developed aiming to understanding and predicting the 
physical behavior of polymer brushes under different circumstances. In this section, a 
detailed review on the reported theoretical models for the description of polymer brush 
systems will be discussed. 
2.1.1 Flexible homopolymer brushes on flat surface 
2.1.1.1 Single-tethered polymer brushes (STPBs) 
When polymer brushes grafted onto a flat surface are exposed to good solvents, these 
polymer chains will swell due to the favorable interaction between these polymers and 
solvent molecules. This phenomenon can be simply described by free-energy-balance 
arguments.1 In the case of polymer flexible polymer brushes with chain length of N 
(measured in units of the persistence length p or Kuhn length a) permanently attached to a 
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planar surface with grafting density of σ chains per unit area, there will be two contrary 
tendencies: first, they maximize their configurational entropy by adopting random-walk 
configurations (which favors short dense brushes); second, they would prefer to be wet by 
solvent (which favors tall sparse brushes). If the distance between grafting sites is much 
smaller than the typical chain dimension, Rg=N
1/2a, where the crossover between 
“mushroom” and “brush” conformation starts to happen, both tendencies cannot be met. In 
order to accommodate these requirements, polymer brushes will choose corresponding 
height h to balance the competing free energy by stretching grafted chains. 
Alexander was one of the first scientists who noted the distinctive properties of 
polymer brushes through theoretical analysis concerning the end-adsorption of terminally 
functionalized polymers on a flat surface.95 In his theory, he described polymer brushes 
using the classic “blob” approximation which viewed polymers as a cigar-like string of 
blobs of diameter σ-1/2 as shown in Figure 2.1, such that inside a blob excluded volume 
interactions are still fully operative, leading to a swelling of the chain. Further elaboration 
by de Gennes96, 97 and by Cantor98 stressed the utility of tethered chains to the description 
of self-assembled block copolymers. In these calculations, at a thermodynamically stable 
state, the stretching of polymer chains is estimated simply based on the Flory argument, 
which consider the reduction in configurational entropy from results for an ideal random 
walk99, 100 constrained to travel a distance h from the grafting surface to the edge of the 
brush. In a more physical description, the polymer chains of length N can be regarded as 
entropic “spring” with spring constant kBT/Rg2 are being stretched from the grafted surface 
to the outer fringe. Consistent with that assumption, the cost of unfavorable contacts 
between chain units is estimated by assuming that the chain units are distributed randomly 
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with a uniform density equal to the average density in the brush, ϕ ~ Nσ/h. Thus, this 
approach leads to a free-energy cost per chain 
 
Δ𝑓~𝑘𝐵𝑇 [
3ℎ2
2𝑁𝑎2
+ 𝑤𝑁 (
𝑁𝜎
ℎ
)] 
2.1 
 
where w is the excluded volume parameter, which measures the strength of the repulsion 
between chain units. Minimization with respect to the brush height h leads to 
 h~𝑁(𝑤𝜎𝑎2)1/3, 𝑓~𝑘𝐵𝑇𝑁(𝑤𝜎𝑎
−1)2/3 2.2 
 
 
Figure 2.1 Blob pictures of a polymer brush for the regime of very good solvent quality 
based on Alexander-de Gennes model. The chains form linear ‘‘cigars’’ of blobs with 
uniform diameter σ-1/2. Reproduced from ref.97 
 
This is a striking results for the following reasons: a sequence of brushes with the 
same coverage σ and increasingly large N, the height h grows linearly with N, while the 
unstretched chain dimension Rg only scales as N
1/2. For long enough chains, h is much 
12 
 
larger than Rg, which indicates that the chains are strongly stretched; their properties may 
then be expected to be quite different from unstretched chains in solution. 
When solvents are removed from polymer brushes (thus in the dry state), the height 
h is related to the coverage σ by the requirement that the density is fixed: ρ0=Nσ/h. 
Compared with swollen polymer brushes (in good solvent), this system has been relatively 
less investigated. Early theoretical studies of their behavior made assumptions that the 
collapsed brush was laterally homogeneous in the plane of the surface, varying in density 
only with distance from the solid substrate.101, 102 In typical instances of melt brushes (such 
as the chains in a lamellar microphase), the coverage is not fixed but chosen by the system 
to minimize the free energy raised from the surface tension γ between the polymer chains 
and the chosen substrate. In this case, the surface tension would favor a large layer spacing 
h and a smaller area per chain σ-1, whereas stretching favors the reverse. Based on the 
similar free-energy argument, the sum of surface and stretching free energy per chain is 
approximately 
 
𝑓 =
𝛾
𝜎
+
(𝑁𝜎/𝜌0)
2
𝑁𝑎2
 
2.3 
Minimizing with respect to σ gives 
 
ℎ~ (
𝛾𝑎2
𝜌0
)
1/3
𝑁2/3, 𝑓~ (
𝛾
𝜌0𝑎2
)
2/3
𝑁1/3 
2.4 
Hence in principle the melt brush height h again grows faster than the typical chain 
dimension as N increase. 
More recent simulation investigations however suggest that lateral homogeneity is 
not necessarily guaranteed. Depending on the grafting density of the brush and the 
wettability of the polymer on the substrate, the polymers may collapse and aggregate such 
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that some regions of the substrate become exposed.103-105 Such a situation arises when the 
favorable decrease in surface energy resulting from the dewetting is greater than the 
increase in free energy that results from unfavorable stretched conformations of some of 
the polymer chains. This phenomenon has been given the name “constrained dewetting”. 
A variety of different nanopatterns may be formed on the surface as a result of constrained 
dewetting, representative example of which can be seen in Figure 2.2, which shows how 
the patterns change with grafting density. Much of the understanding of the nature of these 
patterns has been obtained using molecular simulations. Such studies have identified 
several pattern morphology regimes, including pinned micelles (also known as octopus 
micelles),105, 106 pancake micelles,103 wormlike layers (also known as striped or lamella 
layers),104 and holey layers.103, 104 Experimental studies employing atomic force 
microscopy (AFM) have confirmed the formation of these patterns,56, 107-109 and there have 
been attempts to model these systems using self-consistent mean field theory (SCFT).110 
Theoretical models were developed early on to describe the low grafting density pinned 
micelle regime,101, 111 but the patterns at higher grafting densities depend on a multitude of 
factors and resist a simple description. 
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Figure 2.2. Typical snapshots of the distribution of polymer across the surface resulting 
from the collapse of a polymer brush in the absence of solvent, in order of increasing 
polymer grafting density (number of chains per unit area multiplied by the chain length N, 
equivalent to the mean number of monomers per unit area). The morphologies are 
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identified as A pinned micelles; B and C pancake micelles; D and E wormlike micelles; F 
and G holey layer. Reproduced from ref.112 
 
2.1.1.2 Polymer loop brushes (PLBs) 
Polymer loop brushes (PLBs) are another variation of polymer brushes as both of the 
chain ends of one polymer chain are tethered onto a solid substrate. Compared with 
polymer brushes with only one chain end being tethered (single-tethered polymer brushes, 
STPBs), PLBs are much less exploited both theoretically and experimentally, even though 
it has been found that PLBs exhibit very interesting properties and superior performances 
compared with STPBs in many areas. 
The formation of loop conformation is naturally observed especially in the case of 
copolymers comprised of blocks that are capable of looping, such as midblock of a 
micellized,113, 114 microphase-separated,115 or end-adsorbed116 ABA triblock copolymers in 
the absence of bridging. Spontak et al. are among the first research groups to study the 
theoretical conformation of polymer loops on solid substrates using Monte Carlo (MC) 
simulations.83 They found that under good solvents and low surface coverage (no 
interactions between neighboring chains), comparing with single-tethered chains, the 
scaling behavior of brush thickness h as a function of MW doesn't rely on the number of 
tethering points, however the single-tethered chains are considered as the more extended 
form, and loops are more contracted near the interface. Moreover, it was also found that at 
least under the same condition mentioned above, a polymer loop chain tethered on solid 
substrate can be accurately approximated as two single-tethered chains with half of the 
loop length. 
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In real systems however, polymer loops are not always sparsely grafted, especially 
when PLBs are considered, the interactions between grafted loops should be carefully 
studied. In Spontak et al.’s later publications, they performed a series of bond-fluctuation 
(BF) simulations to examine the conformational properties of densely packed layers of 
looped molecules,84 and the results were used to compare with STPBs with half the 
molecular length of loops. At low to moderate grafting densities σ, isolated chains and 
semi-dilute layers exhibit parabolic segmental density profiles which compare favorably 
to those predicted from SCF theories for STPBs of half chain length. As σ starts to increase, 
the transition from isolated loop chains to stretched PLBs occurs at a critical point of σc ~ 
N-6/5. The brush thickness of PLBs in the dilute and semi-dilute regime was also found 
following a scaling law, while compared with STPBs which have a brush thickness 
proportional to Nσ1/3, the thickness of PLBs is more accurately described in terms of Nσ1/6, 
which might due to the presence of extra tethering as in the case of PLBs, two tethering 
points are required as oppose to one in STPBs. Density profiles of median segment of PLBs, 
relative to chain end distribution of STPBs with half the chain length, reveal that at high σ, 
densely packed looped chains are more highly stretched (away from the surface) than their 
STPB analogs, resulting in constant segmental density over much of brush thickness. In 
addition, a larger fraction of median segments than that predicted from classical SCF brush 
theories (in the limit of moderate σ) resides near the free surface of the layer. In light of 
these simulation results, dense layers of polymer loops appear to behave as brushes of half 
chain length at least at low to moderate σ. At higher σ, finite chain extension and density 
saturation effects must be considered. 
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With the understanding of how loop conformation affects the brush behavior of PLBs, 
Spontak et al. continued to explore the equilibrium conformations and dynamic of polymer 
loops using off-lattice discontinuous molecular dynamics (DMD) simulations.85 It was 
found that not only the PLBs conformation at equilibrium state is quite similar with STPBs 
with half the chain length, the studies on scaling relationships of the dynamic properties of 
PLBs and STPBs suggest that despite the additional tethering point of PLBs, the chain-
length dependences of relaxation time and lateral diffusivity of annealed polymer loops 
and polymer brushes are similar. In contrast, the dependence of relaxation time and lateral 
diffusivity of annealed polymer loops on anchor density is much stronger than that of 
polymer brushes. 
2.1.2 Flexible homopolymer brushes on curved surface 
When polymer brushes are grafted onto a curved surface such as colloidal particles, 
their physical behavior is drastically different from that on a planar surface. Extensive 
theoretical studies have been performed which indicate that these properties are strongly 
dependent on many parameters including curvature, MW of polymer brushes and grafting 
density. 
Considering a spherical polymer brush where chains are grafted to a sphere of radius 
R. In this case, the total number of polymer brushes grafted onto the curved object can be 
written as f=4πR2σ (σ is the grafting density). If the size of a single chain exceeds R, the 
situation is reminiscent of a star polymer. If f >> 1, the situation often is described by the 
Daoud-Cotton picture117 as shown in Figure 2.3. The solid angle 4π is divided up into f 
conical sectors, so each arm of the star (or each chain grafted on the sphere, respectively) 
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has the same volume in which it can spread out. When such a conical volume is filled by 
blobs that touch each other, it clearly must have for the blob radius ξ(r): 
 ξ(r) ∝
𝑟
𝑓
1
2
 
2.5 
 
Because each blob contains g(r) ∝ [ξ(r)]1/ν (ν: Flory exponent. ν≈0.588.118) monomers, it 
can conclude that the density profile decays according to a power law for r<h, the brush 
height: 
 𝜙(𝑟) ∝ (𝑟/√𝑓]1/𝜈−3 ≈ (𝑟/√𝑓)1/𝜈−3 2.6 
 
 
 
Figure 2.3 Schematic construction of the Daoud-Cotton blob picture for star polymers. At 
a point-like center (or a small sphere), a total of f chains are grafted. Reproduced from 
ref.119 
 
According to the Daoud-Cotton picture, the blobs that correspond to one particular 
chain just fill one conical sector of the star polymer (or spherical brush, respectively) up to 
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the brush height h. In such a conical sector, there occur precisely all N effective monomers 
of the chain, therefore 
 
𝑁 =
4𝜋
𝑓
∫ 𝜙(𝑟)𝑟2
ℎ
0
𝑑𝑟 
2.7 
 
Using eqs 2.5 and 2.6, it can be found that 
 ℎ ∝ 𝑓1/4𝑁3/4 2.8 
and 
 ℎ ∝ 𝑓(1−𝜈)/2𝑁𝜈 ≈ 𝑓1/5𝑁3/5 2.9 
 
For a spherical brush where chains are grafted on a sphere of radius Rc, the above 
relations can only hold when the end-to-end distance Re of the grafted chains is much larger 
than the sphere radius. If this is not the case, one expects a crossover to the behavior of 
polymer brushes on planar substrates. 
2.1.3 Polyelectrolyte brushes 
The behavior of polyelectrolyte brushes is another intriguing research area. This 
polymer brush system is much more complicated because of the introduction of 
electrostatic interactions between the grafted polymer chains. Scaling analysis of planar 
polyelectrolyte brushes revealed a much more complex behavior than that of neutral 
brushes.120-122 It was found that when polyelectrolyte brushes are exposed in a salt-free 
environment, depending on the degree of ionization of polyelectrolyte brushes and grafting 
density, they exhibit two different types of behavior.120 The first one is called “Pincus 
regime”, in which polymer chains are highly charged with their counterions loosening in 
the atmosphere, the brush thickness follows the scaling relationship of h ~ N3; when the 
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counterions are mainly inside the brushes, thus, being practically electroneutral, these 
polymer brushes are considered in “osmotic regime”. In this regime, brush height h scales 
linearly with N, but is independent with grafting density σ. This is because when 
counterions are trapped inside the brushes, the electrostatic forces between the chains will 
be completely screened. However, the electrostatic forces impose charge neutrality and 
therefore a fixed concentration of counterions. The driving force of chain stretching is the 
osmotic pressure of the counterions, thus the name. The osmotic pressure of a dilute 
solution of counterions is linear in the counterion concentration. This contrasts to polymer 
solutions, where the combinatorial part of the free energy is small and the excluded volume 
governs the osmotic pressure, resulting in quadratic dependence on concentration. In 
osmotic brushes both the elastic pressure exerted by the stretched chains and the osmotic 
pressure generated by the counterions depend linearly on graft density. The graft density 
does therefore not affect the balance between these two pressures.39 
Another interesting property of polyelectrolyte brushes is that they exhibit 
responsiveness to the ionic strength of the aqueous environment (salt concentration). When 
salt is added into the system, with the concentration is much higher than the concentration 
of counterions in the brush, then a third regime (salt brush) is formed.123 The behavior of a 
polyelectrolyte in this regime is very similar to that of a neutral brush, although the 
electrostatic interaction is dominant. 
2.1.4 Binary polymer brushes 
The two simplest binary polymer brushes are as follows: mixed homopolymer brushes 
and diblock copolymer brushes. In the former, the end segments of the two immiscible 
homopolymer chains are randomly grafted onto a substrate, whereas the diblock copolymer 
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brushes are composed of end-grafted diblock copolymers with sufficiently high grafting 
density. Both of these binary polymer brushes will undergo microphase separation which 
leads to domain structures on the nanometer scale. The phase behavior of binary polymer 
brushes on a flat substrate is controlled by a number of factors, such as monomer numbers 
of two chemically distinct species, incompatibility between the two components, grafting 
density, distribution of the grafting sites on the substrate, and environmental factors (e.g., 
solvent, polymer matrix, substrate, or surface properties.124  
The very first theoretical work on mixed polymer brushes was carried out by Marko 
and Witten in 1991.125 Under symmetric melt condition, they proposed the concept of a 
transition to a “rippled” phase-a density wave in composition running along the substrate 
surface (lateral microphase separation). This state is believed to compete with a layered 
phase, rich in one component at the bottom of the brush layer, and rich in the other at the 
top (perpendicular microphase separation). The stability of these two phases was examined 
by assuming that the chains follow the “classical” path.100 The results showed that the 
rippled phase tends to be the equilibrium structure, occurring at a molecular weight 2.27 
times that for the same polymers in a simple blend at its demixing threshold. The ripple 
wavelength of the pattern was predicted to be 1.97 times the chain root-mean-square end-
to-end distance. Later, the phase transition to the rippled phase in mixed brushes was 
further confirmed by applying the well-established random phase approximation.126 
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Figure 2.4 A simplified schematic illustration of self-assembly of mixed homopolymer 
brushes under equilibrium melt conditions and in various solvents. Reproduced from ref.127 
 
The phase behavior of mixed polymer brushes has a strong dependence on the external 
environment (Figure 2.4), which makes them scientifically attractive for their 
responsiveness. Solvent can serve as an easily controllable external factor owing to the fact 
that its quality can be readily tuned from poor to good or selective. Lai studied binary 
mixed brushes in a good solvent by bond-fluctuation MC simulations.128 In this case, 
symmetric mixed brushes also formed a rippled phase, but layered phase was observed by 
varying the relative fraction of the different components. Counter intuitively, the minority 
chains were more stretched and stayed away from the grafting surface. Subsequently, Soga 
et al.129 provided more quantitative details about the microphase separation of mixed 
brushes in various solvent conditions by using a coarsegrained MC simulation that involves 
the direct calculation of the Edwards Hamiltonian. If the two species are sufficiently 
immiscible, lateral microphase separation is observed over a wide range of solvent 
conditions. Under poor solvent conditions, the combination of phase separation from 
solvent and phase separation of the two species themselves leads to interesting structural 
variations. Later, Muller et al. employed a general three-dimensional SCFT calculation to 
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investigate the self-assembled structures of mixed brushes with quenched grafting 
points.130 He obtained the phase diagram of a mixed polymer brush as a function of 
stretching, composition, and incompatibility of polymer chains. At weak incompatibilities, 
different species aggregate into an array of parallel cylinders (“rippled” phase). At large 
incompatibilities or asymmetric compositions, two “dimple” phases were observed, where 
different species form clusters that arrange on a quadratic (checkerboard structure) or 
hexagonal lattice. 
As the two homopolymer chains are chemically distinct, solvent selectivity plays an 
important role in determining the phase behavior. Upon exposure to a selective solvent, 
mixed brushes even with equal composition also exhibit a “dimple” structure in which the 
unfavorable component forms clusters. The experimental observations qualitatively agree 
with the SCFT study.131 By using single-chain in mean field (SCMF) simulations, Wang 
and Muller132 carefully constructed the diagrams of morphologies in various solvents as a 
function of grafting density and composition or chain-length asymmetry. Their 
comprehensive results almost covered all possible microphase structures of mixed polymer 
brushes in solvent. When the mixed brushes are immersed in a selective solvent, even 
compatible or weak incompatible components will experience a phase separation. Xue et 
al.133 employed dissipative particle dynamics (DPD) simulations to investigate the layered 
structure in mixed polymer brushes with compatible components in the cases of different 
chain lengths. The “phase-separation-like” behavior of compatible binary brushes, which 
is induced by the chain length difference, can be reversed by slightly changing the solvent 
selectivity. More recently, density function theory (DFT) was applied to study the 
perpendicular microphase separation of symmetric binary polymer brushes with weak 
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incompatibility in selective solvents.134 The results showed that the solvent selectivity is 
the necessary condition to trigger the perpendicular phase separation. Except for the static 
structures in thermal equilibrium, Merlitz and coworkers135 also paid attention to the 
relaxation dynamics of phase transition of mixed brushes in selective solvent by using a 
Langevin dynamics approach. 
The studies about end-grafted diblock copolymer brushes were carried out almost 
simultaneously with mixed homopolymer brushes. Theory and simulations on this 
important type of binary polymer brushes have been extensively reported in past two 
decades. Similar to mixed homopolymer brushes, diblock copolymer brushes with enough 
incompatibility between the two blocks also experience microphase separation. In 
particular, in comparison to mixed homopolymer brushes, end-grafted copolymer chains 
own nontethered free blocks, and hence a variety of novel phase structures such as 
wormlike micelle, perforated layer, and “flower”-like structure have been predicated by 
varying relative block length, grafting density, interaction between different blocks and 
solvents.136-139 
Considering the melt state, Dong et al.140 studied the phase behavior of end-grafted 
diblock copolymer brushes based on a mean field method. Subsequently, Brown et al.141 
employed MC simulations to the system of symmetric diblock copolymer brushes at near-
melt condition. They found that the two monomer species vertically segregate to form a 
three-layer structure which is qualitatively different from lateral segregation of mixed 
homopolymer brushes. Zhulina et al.136, 137 expanded their studies to determine the phase 
behavior of end-grafted AB diblock copolymer brushes in selective solvent by using SCFT 
calculations and scaling arguments. Owing to the solvophobic interactions, “onion” or 
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“garlic”-like micelles appeared while the solvent is poor for both components but the B 
block is assumed to be less soluble than the A block. On the other hand, if the solvent is 
poor for anchored B blocks, but good for the free A blocks, “flower”-like structure occurred, 
where the solvophobic Bs form the core of the “lowers”, and the soluble As form the outer 
corona of “petals”. More complicated structures formed by perpendicular segregation, 
lateral segregation, or their combination were observed (Figure 2.5). Both of these theory 
and simulation results are in accordance with the available experiments.142, 143 
 
 
Figure 2.5 Morphologies of AB diblock copolymer brush for different length of the B-
block with grafting density σ=0.25 and length of A-block NA=10: (a) spherical micelles, 
NB=4; (b) wormlike micelles, NB=8; (c) stripe structure, NB=10; (d) perforated layer, 
NB=16; and (e) layer, NB=20. The A-monomers are shown as dark areas and B-monomers 
are light areas. Reproduced from ref.138 
 
When binary polymer brushes are grafted onto a curved solid surface such as 
colloidal particles, these hybrid materials will retain the nanopattern formation and 
environmental responsive properties similar with flat surface counterparts. As discussed 
previously, compared with flat surfaces, because of the curvature of these solid substrates, 
the scaling behavior of polymer brushes will be different which complicates the binary 
polymer brush conformation and phase separation. With well-controlled binary brush/core 
particle combination, multifaceted hybrid materials can be achieved with rich collections 
of functionalities.144 
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Figure 2.6 Structures at varying compositions but fixed total grafting density, fA+fB=180, 
where fA and fB are the numbers of chains A and B, respectively. NA and NB are lengths of 
chains A and B. (a) Free-end distributions of A (left) and B (right); (b-h) World maps of 
total segment density, r (distance from the center of the particle)=7. The radius of particles 
is 4, and Flory-Huggins interaction parameters between A and B, A and solvent, and B and 
solvent are 1, 0, and 0, respectively. Reproduced from ref.145 
 
The first theoretical work related to the nanopatterned hairy particles was performed 
by Roan in 2004 using a fully three-dimensional SCFT calculation in spherical coordinate 
systems.145, 146 A variety of morphologies can be formed in the microphase separation of 
immiscible mixed homopolymer brushes on spherical nanoparticles with a radius 
comparable to the polymer size (Figure 2.6). Like with the binary brushes on flat substrates, 
the phase structures can be tuned by compositions, polymer chain lengths, grafting 
densities, and distributions of the grafted ends. For instance, when the composition ratio 
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fA/fB decreases from 150/30 to 90/90 with identical chain lengths, the equilibrium 
nanostructures change from layered LBA, to 12-islanded ICO/B, and then rippled R. The 
variation of chain length disparity with equal grafting densities also leads to a microphase 
transition. Furthermore, the rippled structures resulted from uniform grafting sites can be 
transformed into “giant-clam” structures by inhomogeneous grafting densities. In 
particular, the most interesting result is that “multivalent” nanoparticles with precisely 
controlled 3-, 6-, 8-, 9-, 10-, and 12-island structures can be formed in the microphase-
separated spherical mixed brushes. Such structures of soft nanopolyhedras are similar to 
those found in small clusters of colloidal microspheres.147 However, in Roan’s study, 
“multivalent” nanoparticles with 2-, 4-, 5-, 7-, and 11-islands were missing. Wang et al.148 
also employed SCFT to investigate the microphase separation of mixed homopolymer 
brushes grafted onto a nanosphere in a nonselective solvent. They also investigated the 
effect of the total grafting density, composition, and chain length asymmetry on the phase 
structures. Specially, they found that the sphere radius (i.e., substrate curvature) plays a 
significant role in determining the type of island structures, and a variety of islanded 
structures with the island numbers ranging from 2 to 8 are obtained by decreasing the 
curvature of the spherical substrate (Figure 2.7). 
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Figure 2.7 Typical structures with island number ranging from 2 to 8 at σB/σA=2. From (a) 
to (g), the sphere radius increases from 0.5 to 4.0.The first and second rows are only A and 
B blocks, respectively, and the bottom row is isosurface morphologies of mixed polymer 
brush. The two polymer species A and B are represented by green and blue color, 
respectively, with a red sphere inside. Reproduced from ref.148 
 
 Synthetic strategies of polymer brushes 
As were briefly summarized in Chapter 1, the synthetic strategies of polymer brushes 
can be divided into two categories including grafting-to and grafting-from. As each one of 
them holds unique advantages and disadvantages, they have been employed in different 
applications. This section will discuss the general approaches of these two synthetic 
methods as summarized in Table 2.1 and 2.2, and examples of their applications will also 
be included. 
 
Table 2.1 Summary of the current “grafting-to” method. 
Substrate Polymer Chain end 
Grafting 
condition 
σ (/nm2),  
MW (g/mol) 
Ref. 
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Silicon 
PS 
-OH 
High T anneal 
Bulk 
0.6, 6K 149 
P(S-r-MMA) 0.33, 10K 150 
PS 
Silane 
0.38, 8K 64 
PPP 4.5, 4K 151 
PGMA 
silicon 
PS Carboxy 0.8, 4.5K 57 
Amino 
silicon 
PEG Tresylate R.T. Solution 0.018, 3.4K 46 
Alkyne 
silicon 
PEG -N3 
60 oC “Click” 
reaction 
0.2, 20K 60 
Epoxy silicon 
PDMS & 
P2VP (mix) 
-NH2 & 
Carboxy 
70 oC Solution 
0.1, 30K & 
56K 
152 
Gold 
PEG DOPA 50 oC Solution N/A 16 
PMAA-g-
PMOXA 
-SH R.T. Solution N/A 153 
Carboxy gold PNIPAM -NH2 
High T anneal 
Bulk 
0.31, 15K 61 
MSiNPs 
PNIPAMNBA
E 
Silane R.T. Solution N/A 154 
Silica 
nanoparticles 
P2VP & PEG 
(mix) 
Carboxy 60 oC Solution 0.53-0.62 155 
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Gold 
nanoparticles 
PEO 
-SH 
In-situ reduction 
1.15, 2.1K  
156 
PS 0.94, 13.3K 
PNIPAM & PS 
(mix) 
1, 6.45K & 
10K 
157 
PNIPAM 4 oC Solution N/A 158 
σ: grafting density; MW: molecular weight; PS: polystyrene; P(S-r-MMA): poly(styrene-
random-methyl methacrylate); PPP: poly-(p-phenylene); PGMA: poly(glycidyl 
methacrylate); PEG: polyethylene glycol; PDMS: polydimethylsiloxane; P2VP: poly(2-
vinyl pyridine); PMAA-g-PMOXA: poly(methylacrylic acid)-graft-poly(2methyl-2-
oxazoline); PNIPAM: poly(N-isopropylacrylamide); MSiNPs: mesoporous silica 
nanoparticles; PNIPAMNBAE: poly(N-isopropylacrylamide-co-2-nitrobenzyl acrylate). 
 
Table 2.2 Summary of the current “grafting-from” method 
Substrate Initiator grafting Polymer 
Polymerization 
technique 
σ (/nm2) Ref. 
Silicon 
Silane SAM 
Polynorbornene ROMP N/A 159 
PS-b-PMMA Free radical N/A 160 
PS Anionic N/A 161 
PS, PMMA & 
PDMA 
RAFT N/A 162 
PS & PF(n) NMP N/A 163 
PGMA coating PS ATRP 1 69 
Gold 
Thiol SAM POEGMA ATRP N/A 164 
Thiol SAM PSBMA ATRP N/A 165 
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Diazonium PNIPAM ATRP 0.9 166 
DOPA 
PDMAEMA & 
PBA (mix) 
Free radical N/A 167 
Ti DOPA POEGMEMA ATRP N/A 168 
ITO Silane SAM PMTEP PMP N/A 32 
GO Silane SAM PtBA ATRP N/A 169 
SWCNT  PMMA RAFT 0.001 170 
TiO2 
nanowire 
DOPA PNM-MIm-FP6 ROMP N/A 20 
Silica 
nanoparticles 
Silane SAM PMMA ATRP 0.4-0.8 171 
zinc 
antimonate 
nanoparticles 
Silane SAM PMMA ATRP 
0.26-
0.27 
172 
Gold 
nanoparticles 
Thiol SAM 
poly(2-
oxazoline) 
Cationic N/A 173 
SAM: self-assembled monolayer; PF(n): polyfluorinated styrene where n stands for the 
number of fluorine atom per repeating unit; POEGMA: poly(oligoethylene glycol 
methacrylate); PSBMA: poly(sulfobetaine methacrylate);  PDMAEMA: poly- 
(dimethylaminoethyl methacrylate); PBA: poly(butyl acrylate); POEGMEMA: 
poly(oligo(ethylene glycol) methyl ether methacrylate); PMTEP: poly(5-[2-
(trimethylsilyl)ethynyl]pyridin-2-yl 2-methylprop-2-enoate); PtBA: poly(tert-butyl 
acrylate); PNM-MIm-FP6: poly(1-norbornylmethylene-3-methylimidazolium 
hexafluorophosphate); ROMP: ring-opening metathesis polymerization; RAFT: reversible 
addition-fragmentation chain transfer polymerization: NMP: nitroxide-mediated radical 
polymerization; ATRP: atom transfer radical polymerization. 
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2.2.1 Grafting-to 
The grafting-to approach involves a chemical reaction between end-functionalized 
pre-formed polymers and complementary reactive groups on the substrate surface as 
illustrated in Figure 2.8. The reactive polymers can be synthesized via conventional/living 
radical, anionic, cationic and ring-opening polymerizations, and the substrates can be 
modified for chemical reactions via coupling agents or self-assembled monolayers (SAMs). 
The major advantage of the grafting-to method over other polymer attachment techniques 
is that (prior to grafting) the polymer can be thoroughly characterized via various chemical 
and physical methods. Well-defined polymers with a narrow molecular weight distribution 
can be used for grafting, resulting in the synthesis of well-defined brushes. Additionally, 
the grafting method is less challenging from a chemical point of view, since it does not 
involve elaborate synthetic procedures.174 However, a major shortcoming of this technique 
is the low maximum thickness of the obtained layers. In essence, grafting-to is a self-
limiting process because the polymer chains to be grafted must first diffuse through the 
existing polymer film to reach the reactive sites on the surface. This “excluded volume” 
barrier becomes more pronounced as the thickness of the tethered polymer layer 
increases.55 The grafting-to polymer anchoring can be performed either from a solution or 
a melt. Anchoring from a melt will typically result in a higher grafting density due to 
screening of the excluded volume interactions.175 Other options for minimizing the 
excluded volume interactions, and thereby producing thicker grafted layers, are to conduct 
the grafting from a theta solvent or from a concentrated polymer solution.102, 103 
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Figure 2.8 Schematic representation of the grafting-to method for the preparation of 
polymer brushes on solid substrates. Reproduced from ref.174 
 
The chemistry underlying the coupling reaction between the polymer functional chain 
ends and the complementary reactive surface groups defines the nature of the surfaces that 
can be modified, the grafting density of the layers, and their long term stability. These 
coupling methods are often quite complex and specific to certain substrate/polymer 
combinations. If a surface that is to be modified does not possess the necessary 
functionalities, several methods can be utilized for initial surface functionalization, 
including plasma treatments,176, 177 SAM deposition,155 and chemisorption of thin layer of 
reactive polymers.57, 178 
The most widely used grafting-to procedures come from the field of SAMs, and the 
two most frequently used substrates are gold and silicon wafer surface with silicon oxide 
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(SiO2) layer because of the well-defined thiol and silane chemistry. If thiol or silane are 
present at the polymer chain end, a one-step grafting-to synthesis procedure can be used 
for the polymer brush synthesis on either gold or SiO2 surfaces. Using this method, various 
types of polymer chains have been grafted for different applications. For example, Jones 
et al.55 investigated the grafting of triethoxysilane terminated polystyrene (PS) onto silicon 
wafers from a melt. They investigated the effect of the initial film thickness, the grafting 
temperature, and the grafting time on the parameters of final grafted layers. Indeed, the 
initial film thickness and the polymer molecular weight influenced properties of the final 
grafted layer. By using thiol terminated polymer chains, polymer brushes can be 
conveniently grafted onto gold substrate or particles due to the robust Au-S bond formation. 
Via this approach, various polymer brushes have been synthesized such as PS,59, 156, 179, 180 
polyethylene oxide (PEO)40, 50, 63 and poly(N-isopropylacrylate) (PNIPAM).158, 181 An 
interesting approach for introducing a thiol group is via the reduction of the dithioester end 
group of a polymer synthesized through reversible addition-fragmentation chain transfer 
(RAFT) polymerization, which makes it much more versatile. For example, Zheng et al.153 
combined RAFT and cationic ring-opening polymerization followed by aminolysis to 
synthesize a series of well-controlled bottle-brush polymers, poly(methylacrylic acid)-g-
poly(2-methyl-2-oxazoline) with monothiol-terminated group ((PMAA-g-PMOXA)-SH). 
After grafting-to approach, these bottle brushes can be immobilized onto gold substrate 
forming efficient antifouling polymer brush films as demonstrated by significant reduction 
of the adsorption of fibrinogen, bovine serum albumin, and lysozyme. Shan et al. 
synthesized gold nanoparticles with a mixed brush grafted to the surface of the particles 
using this method.157 The brush, consisting of PS and PNIPAM, was formed during gold 
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particle formation via reduction of a gold precursor. Specifically, RAFT-synthesized PS 
and PNIPAAM present in the reaction mixture were reduced to thiol-terminated chains and 
were attached to the surface of the gold nanoparticles formed in situ. 
Because of the versatility of SAMs on gold and SiO2 surfaces, specific organic 
groups can be introduced onto substrates which can be used for grafting-to process of 
polymer chains bearing complementary chain ends. This brings a tremendous degree of 
flexibility to the choice of polymer structure and chemical reactions. Among them, bio-
inspired “click” chemistry, such as copper-catalyzed azido-alkyne cycloaddition (CuAAC) 
and thiol-ene/thiol-yne reaction has been widely used due to the high efficiency of the 
chemical reaction.60, 182-190 Other than that, grafting-to approach base on coupling reaction 
between epoxy and carboxy groups,152, 191-194 epoxy and amino groups,58, 195-197 and 
carboxy and amino groups61 have also been widely used. 
2.2.2 Grafting-from 
In the grafting-from approach, the polymerization reaction is directly initiated from 
initiator-functionalized surfaces, thus this process is also called surface-initiated 
polymerization (SIP). In most cases, grafting-from requires two steps:198 first step is the 
functionalization of surfaces with initiator bearing SAMs, then these functional surfaces 
are exposed to solutions containing monomer, catalyst and solvent if necessary. Compared 
with grafting-to method, grafting-from is advantageous in many aspects, making it the most 
promising and extensively studied approach among them all. Most of the polymerization 
techniques can be applied in SIP synthesis, yet the development of controlled/living 
polymerization makes it possible to precisely control the structure of polymer brushes via 
relatively simple approaches, such as surface-initiated ring-opening polymerization 
36 
 
(ROP),159, 199-201 cationic/anionic polymerization,67, 161, 173, 202-204 and most importantly, 
living radical polymerization, which includes nitroxide-mediated polymerization 
(NMP),205-207 reversible addition-fragmentation chain transfer (RAFT) polymerization,162, 
208-210 and atomic transfer radical polymerization (ATRP).211 
2.2.2.1 Surface-initiated nitroxide-mediated polymerization (SI-NMP) 
Nitroxide-mediated polymerization is based upon reversible activation/deactivation 
of growing polymer chains by a nitroxide radical.212-214 Husseman et al. reported the first 
example of surface-initiated nitroxide-mediated polymerization (SI-NMP) and 
successfully produced up to 120 nm thick PS brushes from 2, 2, 6, 6-
tetramethylpiperidinyloxy (TEMPO) functionalized chlorosilane SAMs supported on 
silicon substrates (Figure 2.9).66 In their study, in order to better control the molecular 
structure of PS brushes, Husseman et al. added “free” alkoxyamine as mediator to 
overcome the problems brought by overly dilute grafted initiators on planar surface, and 
they found that the MW and PDI of grafted PS were identical compared with “free” PS 
initiated from sacrificial initiators. Other than silicon, PS brushes have also been grafted 
onto other surfaces via SI-NMP method,163, 215-217 while several other polymer brushes, 
such as poly(3-vinylpyridine) (P3VP), poly(4-vinylpyridine) (P4VP), and poly(4-
(poly(ethylene glycol) methyl ether)styrene) (PSPEG) brushes, have been successfully 
prepared.218-220 
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Figure 2.9 Schematic illustration of SI-NMP of styrene from a TEMPO-functionalized 
silicon wafer. Reproduced from ref.66 
 
A drawback of TEMPO-mediated polymerization is that its utility is essentially 
limited to styrenic monomers. NMP has been found to yield acrylic polymers with low 
MW and relatively high PDI compared to those of polymers prepared from styrenic 
monomers.214 Studies were conducted in order to find a more universal alkoxyamine 
initiator as an alternative to TEMPO-based systems. First, an acyclic β-phosphonylated 
nitroxide, N-tert-butyl-N-[1-diethylphosphono- (2,2-dimethylpropyl)] nitroxide (DEPN), 
was identified as a good candidate for NMP of acrylic and styrenic monomers. However, 
a slightly higher percentage of termination reactions was observed for DEPN-mediated 
polymerizations of styrenic monomers compared to TEMPO-mediated polymerizations.221, 
222 Instead of using a conventional free radical initiator-modified substrate, DEPN-
mediated polymerizations can also be carried out using surface immobilized DEPN. This 
strategy has been used for the preparation of PS207, 222, 223 and poly(n-butyl acrylate) (PBA) 
brushes.224-226 Another alternative to prepare styrenic, acrylic, or acrylamide or 
acrylonitrile-based polymer brushes involves the use of α-hydrido nitroxide, which was 
identified to yield well controlled bulk polymerizations.227 These α-hydrido nitroxide 
compounds were successfully used as a free initiator to moderate the SI-NMP from 
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TEMPO-functionalized surfaces228, 229 or from α-hydrido nitroxide-functionalized 
surfaces.206, 230, 231 
In conclusion, SI-NMP represents a valuable method for the controlled fabrication 
of polymer brushes. An advantage of SI-NMP is that no further catalysts are required. This 
obviates the need for additional purification steps and reduces the chance to introduce 
impurities, which is advantageous, especially for sensitive applications, e.g. in the 
electronic and biomedical sector. The relatively high polymerization temperatures, 
however, may cause problems when thermally sensible monomers are used. Another 
drawback of NMP is that controlled polymerization requires judicious choice of the 
mediating nitroxide for a particular monomer. This is further hampered by the fact that 
many mediating radicals are not commercially available and need to be prepared, which 
requires an additional synthetic effort. 
2.2.2.2 Surface-initiated Reversible-Addition Fragmentation Chain Transfer (SI-RAFT) 
Polymerization 
A distinct advantage of RAFT polymerization is its relative simplicity and versatility, 
since conventional free radical polymerization can be readily converted into a RAFT 
process by adding an appropriate RAFT agent, such as a dithioester, dithiocarbamate, or 
trithiocarbonate compound, while other reaction parameters, such as monomer, initiator, 
solvent, and temperature, can be kept constant. RAFT polymerization has also been 
successfully used to prepare polymer brushes via surface-initiated polymerization. SI-
RAFT can be performed using two different strategies, which use either surface-
immobilized conventional free radical initiators or surface-immobilized RAFT agents 
(Figure 2.10). 
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Figure 2.10 Schematic illustration of SI-RAFT polymerization: (A) bimolecular process as 
reported by Baum and Brittain for the preparation of PMMA Brushes from azo-
functionalized silicon wafers;162 (B) R-group approach to grow PBA brushes from 
dithiobenzoate modified silica nanoparticles as described by Li and Benicewicz;209 (C) Z-
group approach for the grafting of PMA brushes from silica particles supported 
trithiocarbonate derivative.232 
 
An early example of SI-RAFT polymerization was reported by Baum and Brittain, 
who prepared 30 nm thick PMMA brushes as well as 11 nm thick PS and poly(N, N-
dimethylacrylamide) (PDMAM) brushes from azo-functionalized silicon wafers in the 
presence of the chain transfer agent (CTA) 2-phenylprop-2-yl dithiobenzoate and free 
initiator (2,2′-azoisobutyronitrile (AIBN)) (Figure 2.10A).162 Addition of free initiator (e.g., 
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AIBN) was shown to facilitate polymer brush growth not only because it acts as a 
scavenger for possible trace amounts of impurities in the polymerization mixture but also 
since it increases the amount of radicals in the system, which are necessary to avoid early 
termination by CTA capping, as the concentration of the surface initiators is particularly 
low. Several other groups used the same strategy to grow poly(chloromethylstyrene) 
(PCMS), poly(pentafluorostyrene) (PPFS), poly(sulfobetaine methacrylate) (PSBMA), 
poly(sodium 4-styrenesulfonate) (PSSNa), PMMA, poly(poly(ethylene glycol) methyl 
ether methacrylate) (PPEGMEMA), and poly(2-(dimethylamino) ethyl methacrylate) 
(PDMAEMA) brushes from azo-functionalized substrates233-235 or to graft PHEMA 
brushes from surfaces bearing peroxide groups.71 
In addition to the use of free radical initiator-modified substrates, as was described in 
the previous paragraph, SI-RAFT can also be carried out using surface-immobilized RAFT 
agents. The RAFT agent can be immobilized in two different ways, which are referred to 
as the R-group and Z-group approaches (parts B and C, respectively, of Figure 2.10). In 
the R-group approach, the RAFT agent is attached to the surface via the leaving and 
reinitiating R group. This strategy has been used to prepare a wide variety of polymer 
brushes from dithiobenzoate- or trithiocarbonate-derivatized silicon wafers,236, 237 silica 
(nano)particles,184, 209, 210 titania238 or CdSe239 nanoparticles, gold nanoparticles240 and 
multiwall carbon nanotubes (MWNTs).208, 241-244 The Z-group approach is based on the 
immobilization of the RAFT agent via the stabilizing Z group and has been successfully 
used to prepare a variety of methacrylic, acrylic, styrenic, and acrylamide-based brushes.72, 
232, 245-247 
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Compared to other CRP techniques, RAFT polymerization is extremely versatile and 
tolerates a wide range of (sensitive) functional groups. A drawback of RAFT 
polymerization is that it involves the use of CTAs that are usually not commercially 
available and which need to be prepared via multistep synthesis. SI-RAFT polymerization 
methods that involve the use of surface-immobilized CTAs have specific limitations. The 
R-group approach, comparable to a grafting from process, always involves the surface 
detachment of the RAFT agent during the polymerization, which might broaden the 
molecular weight distribution via bimolecular termination at an unusually high rate, 
whereas the Z-group approach, which can be compared with a grafting to approach, might 
suffer from a decrease of brush grafting densities with increasing brush length, since the 
RAFT agent anchored to the surface will be less and less accessible. 
2.2.2.3 Surface-initiated Atomic Transfer Radical Polymerization (SI-ATRP) 
Among these techniques, surface-initiated ATRP (SI-ATRP) is one of the most 
promising synthetic route as it provides much better control and versatility of polymer 
brush structures compared with others. Because of the highly controlled manner and great 
compatibility with many monomer/surfaces combinations, SI-ATRP has been extensively 
studied and employed for the synthesis of polymer brushes on planar, concave and convex 
surfaces, and the architecture of polymer brushes can also be conveniently controlled.211 
ATRP relies on the reversible redox activation of a dormant alkyl halide terminated 
polymer chain end by a halogen transfer to a transition metal complex. The formal 
homolytic cleavage of the carbon-halogen bond, which results from this process, generates 
a free and active carbon-centered radical species at the polymer chain end. This activation 
step is based on a single electron transfer from the transition metal complex to the halogen 
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atom, which leads to the oxidation of the transition metal complex. Then, in a fast, 
reversible reaction, the oxidized form of the catalyst reconverts the propagating radical 
chain end to the corresponding halogen-capped dormant species. Many parameters, such 
as ligand to transition metal ratio, CuII to CuI ratio, type of ligand, counterion, solvent, or 
initiator, influence the performance of (SI)-ATRP and thus offer the possibility to fine-tune 
the reaction. 
ATRP was first developed by Matyjaszewski’s group in 1995,248 which was then 
brought to the functionalization of silicon surface via SI-ATRP in 1997 by Huang and 
Wirth.249 Shortly thereafter, Ejaz et al.65 described the preparation of poly(methyl 
methacrylate) (PMMA) brushes that were grown from 2-(4-chlorosulfonylphenyl)ethyl 
silane self-assembled monolayers (SAMs) obtained using the Langmuir-Blodgett 
technique. These authors found that addition of free, sacrificial initiator (p-toluenesulfonyl 
chloride) was necessary to achieve a controlled polymerization. In the absence of sacrificial 
initiator, the initiator concentration and, related to this, the concentration of the deactivating 
CuII species was too low to allow a controlled polymerization. Instead of adding a 
sacrificial initiator, another strategy to overcome the insufficient deactivator concentration 
that results from surface confined ATRP is to add the deactivating CuII species directly to 
the polymerization solution. This was successfully demonstrated by Matyjaszewski et al. 
for the synthesis of PS brushes from bromoisobutyrate-functionalized silicon wafers.68 
In SI-ATRP, chain growth starts from an ATRP initiator that is immobilized on a 
substrate. The same transition metal complexes that mediate SI-ATRP, however, can also 
be used to grow polymer brushes in a controlled fashion from surfaces modified with a 
conventional radical initiator. This process is referred to as surface-initiated reverse ATRP 
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(SI-RATRP). SI-RATRP has been successfully used by Sedjo et al. to prepare PS and PS-
b-PMMA brushes from a conventional radical azo-functionalized silica substrate using 
CuIIBr2/2, 2’-bipyridine (bpy) complex as deactivating agent.160 Later, Wang et al. 
described the synthesis of PMMA brushes from peroxide-derivatized substrates in the 
presence of CuIICl2/bpy complex.
70, 250 
The (possible) presence of residual amounts of the metal catalyst in polymers prepared 
via SI-ATRP often raises concerns, in particular with the use of these materials in 
biomedical applications. Matyjaszewski and co-workers have developed an ATRP variant 
that allows to overcome these concerns and which makes it possible to reduce the 
concentration of the copper catalyst to a few ppm and increases the tolerance toward 
oxygen or other radical traps in the polymerization system.251 This ATRP variant is referred 
to as activators (re)generated by electron transfer ATRP or A(R)GET ATRP.252, 253 
A(R)GET ATRP involves the use of reducing agents, such as ascorbic acid, SnII 2-
ethylhexanoate, or Cu0, to continuously restore CuI from CuII and has also been 
successfully applied to surface-initiated polymerization.254-258 
Summarizing, SI-ATRP has been proven to be an excellent technique to prepare 
polymer brushes. ATRP is chemically versatile, compatible with a large assortment of 
monomers and functional groups, and tolerates a relatively high degree of impurities. In 
particular, ATRP is relatively insensitive toward small residual traces of oxygen, which are 
readily removed by oxidation of the ATRP catalyst. The fact that most of the standard 
ATRP catalyst systems, as well as surface immobilizable initiators, are commercially 
available in ready-to-use quality or can be synthesized relatively easily also makes ATRP 
an attractive technique from an experimental point of view. SI-ATRP, however, also has 
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limitations. In particular, the controlled polymerization of monomers that can complex or 
react with the metal catalyst, such as pyridine-containing or acidic monomers, can be 
challenging. For pyridinic monomers, this problem can be partially overcome by using 
highly coordinative tri- or tetra-dentate ligands to form the catalytic transition metal 
complex.259, 260 The preparation of acidic polymer brushes has been accomplished via 
ATRP of the corresponding sodium salts.261-265 Another limitation of SI-ATRP is related 
to the transition metal catalyst, which can be difficult to remove. Residual traces of 
catalysts in the final polymer brushes might have undesirable consequences for 
applications, such as in the biomedical or electronic industry. However, some methods, in 
particular A(R)GET ATRP, have been developed that allow to reduce the amount of copper 
to the level of a few ppm. 
 Synthesize polymer brushes using polymer single crystals as templates 
Crystallization of long-chain flexible molecules of sufficient structural regularity is 
widely observed under quiescent conditions for a large number of macromolecules of both 
synthetic and natural origin. While it has been long established that similar to low 
molecular weight compounds, polymers can exhibit considerable long range order in the 
crystalline regions, the exact nature and morphological form of these crystalline regions 
(specifically at the molecular level) has been a matter of considerable debate. In this section, 
polymer crystallization theories and experimental results on the development of polymer 
single crystals will be introduced. 
2.3.1 Polymer single crystal (PSC) 
It is a proven fact that a lamellar single crystal is the fundamental structural form by 
which polymers most generally crystallize, a feature true for the vast majority of 
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semicrystalline polymers crystallized from the bulk. The first report giving evidence of 
lamellar structures was by Storcks in 1938.266 He reported electron diffraction results on 
cast films of gutta-percha (trans-polyisoprene) and concluded that the films contained 
microscopic crystals with the molecular axis less than 4° from normal to the plane of the 
film. He observed that while the electron diffraction results gave only (hk0) reflections, the 
total length of the chains was much greater than the thickness of the films-a recognition 
that led him to first propose a chain-folded structure to explain the crystallization in such 
systems. While this study was largely neglected, Jaccodine’s report of single crystals of 
polyethylene in 1955 gained attention of several researchers who expanded on his work. In 
1957, Till, Keller and Fischer independently reported on the growth and identification of 
single crystals of polyethylene.267 Since these studies, lamellar crystal habit has been 
shown to be the dominant structural mode of crystallization for a large number of polymers. 
To understand the structure of PSCs, two major models have been proposed 
including “switchboard” folded model and adjacent reentry chain-folded model to describe 
how polymer chains are organized within thin lamellae. The first one was proposed by 
Flory and consists of chains randomly folding back into the same lamella or even 
participating in adjoining lamellae.268 The upper and lower surfaces consist of loops of 
varying sizes and the amount of adjacent reentry is small and not a necessity. The upper 
and lower surfaces may consist of transitional regions that constitute a diffuse phase 
boundary - their density being intermediate between the crystal and purely amorphous 
regions. 
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Figure 2.11 Schematic illustration of regularly folded lamellar structure (left) in 
comparison to a more random “switchboard” model (right). Reproduced from ref.268 
 
The adjacent reentry chain-folding model (regular folding) was suggested by Keller 
and has been demonstrated to be predominant in crystallizations from dilute solutions.269, 
270 An ideal smooth surface adjacent chain-folded model is characterized by sharp phase 
boundary between the crystal and the amorphous phase. The mode of reentry of the chains 
is the adjacent neighbor with only a few exceptions due to multiple nucleation and chain-
end defects. However in a more realistic environment, rough surface model should describe 
the lamellar structure more closely. In this model, the reentry of the chain is still in the 
nearest growth plane, though large variations in the fold length may exist on a local scale. 
Multiple nucleation and chain-end defects will further contribute to a rough surface. The 
overall phase boundary is no longer sharp, though local regions may still exhibit such 
character. 
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2.3.2 Crystallization theory 
A number of theoretical studies regarding the description of the regularity of chain 
folding in polymer crystals have been proposed, while only two of them have been 
developed to a stage such that they can be compared with experimental results. The first 
one was developed by Peterlin, Fischer, and Reinhold,271, 272 suggest that the fold period is 
determined thermodynamically, corresponding to a minimum in the free energy density of 
the crystal at the crystallization temperature. The other theory proposed by Lin, Price, 
Lauritzen and Hoffman and based on a kinetic approach, was subsequently developed and 
applied to crystallization from both solution and the melt by Lauritzen and Hoffman.273-276 
In their theory, they assume that chain folding and lamellar formation are kinetically 
controlled, the resulting crystal being metastable. The thermodynamically stable form is 
the extended chain crystal. 
2.3.2.1 Primary nucleation 
The general theory of nucleation is based on the assumption that thermal fluctuations 
in the liquid (melt or solution) result in the continual formation and disappearance of 
“crystalline” clusters of molecules. In these regions, which are assumed to be built up one 
molecule at a time, the molecular positions are similar to those in the crystalline solid. At 
any temperature, above or below the crystallization temperature, there is a statistically 
determined distribution in size of these clusters, many more small “crystalline” clusters 
than large ones being present. Those of interest for nucleation are assumed to contain a 
large number of molecules. As the temperature is lowered, thermal vibrations are less 
effective in overcoming the attractive intermolecular forces and the clusters of any size 
exist for longer periods of time. The average size of a cluster will also become larger. 
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Below the melting point the molar free energy or chemical potential of the molecules 
in a crystal is less than that of the molecules in a liquid. However, when the cluster is very 
small the free energy of the system at first increases as more molecules are added. The 
interfacial surface tension between the liquid and solid results in an interfacial free energy 
which increases with the surface area of the cluster, whereas the difference in chemical 
potential of the liquid and solid results in a bulk free energy which decreases with the 
volume of the cluster. The free energy of formation of a crystalline cluster, i.e., the change 
in free energy of the system when such a cluster is formed, is given by 
 Δ𝐹 = Σ𝑛𝑖𝑎𝑖𝜎𝑖 +
𝑛
𝑁𝐴
(𝜇𝑠 − 𝜇𝑙) 2.10 
where the sum is over all the faces of the cluster and 
ni = number of molecules on faces of type i  
ai = cross-sectional area of molecules on faces of type i, niai = area of faces of type i  
σi = interfacial tension of faces of type i  
n = total number of molecules in the cluster  
NA = number of molecules per mole, i.e., Avagadro's number 
µs - chemical potential of the bulk solid 
µl - chemical potential of material in the liquid state, solution or melt 
 
The temperature dependence of ΔF in equation 2.8 is primarily through μs and μl. For 
later discussions it must be recognized that μs is the change in free energy of the solid when 
mole of molecules (repeating units in the case of polymers) is added to a crystal already so 
large that no further increase in surface energy occurs. When μs - μl > 0, ΔF is always 
positive and any size cluster will disappear as a result of thermal fluctuations, i.e., crystals 
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will melt or dissolve. When μs - μl < 0, ΔF is positive for small n, negative for large n and 
0 for n =0 (Figure 2.10). It thus has a maximum, ΔF* for a particular n which we call n*. 
When n is greater than n*, the free energy of the cluster will decrease as more molecules 
are added. 
 
 
Figure 2.12 Free energy of formation of a primary nucleus built up through the addition of 
a large number of elements. ΔFa is the height of the barrier for the addition of each element, 
i.e. the activation energy. After n* elements have been added, ΔF decreases with further 
growth. Reproduced from ref.275 
 
A cluster having n* molecules is known as a nucleus and is said to have a critical 
nucleus size. The value of n* will vary somewhat with the shape of the cluster due to the 
difference in interfacial free energy for different crystal faces. The free energy of a cluster 
smaller than the critical nucleus size increases as more molecules are added. Such growth 
is thus thermodynamically unstable and, on the average, thermal fluctuations will result in 
its disappearance. A few clusters, however, do grow to the critical nucleus size. For n = n* 
and even somewhat larger, ΔF is still greater than zero and thus the nucleus is not yet stable; 
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the probability of growth, however, is now greater than the probability of dissolving and 
with increasing size ΔF soon becomes negative and the free energy of the system decreases. 
Growth will then continue until the supply of molecules is exhausted or a minimum in the 
free energy is reached. 
The critical nucleus size decreases with decreasing temperature and thus the 
nucleation rate will rapidly increase with increasing supercooling. Turnbull and Fisher 
have calculated this rate, assuming that the nucleus contains a large number of repeat units 
and is built up unit by unit. It can be written as 
 I = Kexp [−
Δ𝐹∗ + Δ𝐹𝑎
kT
] 2.11 
where 
𝐾 = 𝑐𝜈𝑎 (
Σ𝑛𝑖𝑎𝑖𝜎𝑖
9𝜋𝑘𝑇
)
1/2 
  
c = number of molecules/unit volume of liquid 
νa = fundamental jump frequency usually set equal to kT/h 
ΔFa = free energy of activation, i.e., the height of the free energy barrier the molecule must 
cross in jumping from the liquid to the solid. 
 
Thus K ∝ T-1/2, which means a lower crystallization temperature will result in a 
higher nucleation rate. 
2.3.2.2 Secondary nucleation 
Once past the critical nucleus size, the growth rate limiting step is assumed to be the 
nucleation of a new lattice plane of molecules, a secondary nucleus, on a completed growth 
face. In crystals of low molecular weight materials the occurrence of screw dislocations 
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permits faster growth rates. The perpetual angle between the advancing lattice plane and 
the underlying plane when a spiral growth pattern is present results in attractive forces in 
at least two directions for a crystallizing molecule and accounts for the rapid crystallization 
by spiral growth in crystals of such materials, thus no secondary nucleation is required. A 
similar type of defect has not been observed or postulated for the growth of lateral faces of 
polymer crystals. The spiral growths that are observed on polymer crystals are associated 
with growth parallel to the molecular axes and permit the crystal to thicken much more 
rapidly than would occur if thickening resulted only from the spontaneous nucleation of 
new lamellae on the fold surface of the older lamellae. The only evidence for the nucleation 
of a lamellae on an existing lamellae without a screw dislocation is the presence of 
overgrowths consisting of small crystals on polyethylene crystals which have been partially 
dissolved and then recrystallized.277 It was suggested that the nucleation of the overgrowths 
was associated with rather long segments of molecules which protrude from the crystal. In 
polymer crystals the attraction between two fold surfaces is likely to be very small, and, 
therefore, the presence of the underlying lamella does not affect the growth rate other than 
through its limiting the solid angle in the liquid from which molecules are added to the 
growth face. If growth is diffusion-controlled to some extent, the growth rate of the growth 
faces of the lamellae in a spiral growth would be less than that of the basal lamellae. The 
growth rate normal to the lamellae, resulting in thickening of the crystal by spiral growth, 
is related to this lateral growth rate. 
According to the kinetically controlled polymer crystallization theory developed by 
Lauritzen and Hoffman,274-276 the crystallization range of a polymer is divided into three 
regions that are dictated by the rates of two processes, namely secondary nucleation and 
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lateral growth. The rates of these processes are represented as i and g respectively. Then, 
the three regimes of crystal growth occur when: 
g >> i Region I 
g ≈ i Region II 
g << i Region III 
In region I, a single nucleus is formed on a surface and crystal growth continues by the 
lateral spreading of a single crystalline patch. In region II, several nuclei are formed 
simultaneously and spread along the surface to give rise to new crystalline layers. In region 
III, the secondary nucleation rate is so fast that it supersedes any lateral spreading along 
the crystal surface resulting in an uneven fold surface, approaching the limiting case of 
Flory's switchboard model. 
 The crystal growth rate can be expressed as278 
 𝐺𝑖 =
𝐶𝑖
𝑁𝛼
exp [
−𝑈∗
𝑅(𝑇 − 𝑇∞)
] exp [
−𝐾𝑔(𝑖)
𝑇𝛥𝑇𝑓
] 2.12 
where i = I, II, III 
Ci = preexponential factors for the three regimes 
N = the degree of polymerization of polymer 
α = exponent predicted to be in the range 1.33-1.5 for region I and 1.17-1.25 for region II 
U* = activation energy for “reeling in” the polymer chain, which is postulated to occur by 
a mechanism of steady-state reptation 
ΔT = the difference between the equilibrium melting temperature, Tm0, and the 
Crystallization temperature, T 
T∞ is usually within about 5-10 K of being 50K below Tg 
f = the temperature correction factor, given by f = 2T/(Tm
0+ T) 
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Kg(i) = the nucleation constant for the three regions. The constants are related as 
Kg(I)=2Kg(II)=Kg(III) and 
 
𝐾𝑔(𝐼) =
4𝑏𝜎𝑠𝜎𝑒𝑇𝑚
0
𝑘Δℎ𝑓
 
2.13 
where σs and σe are the side and fold surface free energies, respectively, k is Boltzmann’s 
constant, and Δhf is the heat of fusion of the polymer crystal. For crystals grown from 
solution, eq 2.12 is modified to read 
 
𝐺𝑖~
𝑐𝛾
𝑁𝛼
exp (
−𝑈∗
𝑅𝑇
) exp [
−𝐾𝑔(𝑖)
𝑇𝛥𝑇
] 
2.14 
where i = I, II 
c = the polymer concentration with a γ power dependence that depends on the region 
U* = the diffusion activation energy of the dissolved polymer 
α is here predicted to be positive and near 0.5 under a snakelike, but nonreptative, model 
for the polymer chain 
 
Therefore, with fixed c and T, the crystal growth rate is constant over time. 
2.3.2.3 Melting behavior 
The free energy per unit volume of a crystal of volume νal with respect to the liquid 
state at any temperature, is given by 
 ΔF
𝑣𝑎𝑙
=
2𝜎𝑒
𝑙
+
𝐶𝜎𝑠
𝑣1/2𝑎1/2
−
Δℎ𝑓Δ𝑇
𝑇𝑚
 
2.15 
where ν = number of segments in a cross section of the crystal 
a = cross-sectional area per segment 
σe = free energy of the surface normal to the chain direction per unit area 
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l = thickness of lamellar crystal 
C = geometrical factor relating perimeter to area 
σs = interfacial free energy per unit area for the sides of the crystal (assumed the same for 
all sides) 
Δhf = the heat of fusion per unit volume of the crystal at the equilibrium melting point 
Tm = the equilibrium melting temperature for an infinite crystal 
 
For a crystal of given l, the equilibrium melting temperature or solubility temperature 
Tm(l) can be found by setting ΔF = 0, and we have 
 
T𝑚(𝑙) ≈ 𝑇𝑚 (1 −
2𝜎𝑒
𝑙Δℎ𝑓
) 
2.16 
Furthermore, because the melting temperature depends on the crystallization 
temperature, the lamellar thickness can be tuned by controlling the crystallization 
temperature. The relationship between the melting temperature and crystallization 
temperature is described by the Hoffman-Weeks equation:279 
 
T𝑚 =
1
𝛾
𝑇𝑐 + (1 −
1
𝛾
) 𝑇𝑚
0  
2.17 
where Tm = melting temperature of crystal lamellae 
Tc = crystallization temperature of crystal lamellae 
Tm
0 = the equilibrium melting temperature for an infinite crystal 
γ = the ratio of the fold length to the length of a repeating unit 
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2.3.3 PSCs as robust templates for polymer brush synthesis 
In 2007, Li et al. reported the first example of using lamellar PSCs as functional 
solid-state templates for the immobilization and asymmetric functionalization of gold 
nanoparticles.280 It was found that when the chain end of a semi-crystalline polymer is 
chemically different from the backbone, lamellar PSCs can be formed with chain ends 
exposed on the lamellar surface during dilute solution crystallization. These chain ends can 
then be used as chemical reaction sites to harvest nanoparticles via chemisorption. Using 
thiol-terminated polyethylene oxide (HS-PEO) as model system, square shaped PSCs 
grown from pentyl acetate solution were used to harvest gold nanoparticles. After 
dissolving PSCs in solvent, gold nanoparticles were asymmetrically functionalized with 
chemically tethered PEO brushes.281 This approach was further explored for the 
preparation of JHNPs with bicompartment polymer brushes combining PSCryT and SI-
ATRP methods.282-284 Using this method, Janus gold nanoparticles with diameter as small 
as 6 nm can be conveniently prepared while the chemical structures of bicompartmented 
polymer brushes can also be tuned. More interestingly, because of the existence of 
amphiphilic polymer brushes, these JHNPs can self-assemble into superstructures as 
predicted by simulations by simply adjusting the external environment such as solvent 
quality, rendering these hybrid materials fascinating responsiveness.284 
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Figure 2.13 Schematic illustration of the synthesis of Janus hairy gold nanoparticles 
combining PSCryT and SI-ATRP methods. Reproduced from ref.282 
 
Other than the synthesis of JHNPs, PSCryT method has found applications in the 
preparation of many other advanced nanomaterials. For example, by tuning the 
functionality of immobilized nanoparticles, these hybrid materials can be used for surface-
enhanced Raman, recyclable catalyst and nanomotors.285-288 More interestingly, by 
carefully designing the chemical structure of PSCs, these templated nanoparticles can be 
used to assemble into more complex structures. For example, Li et al. found out that during 
the crystallization of HS-PEO, by controlling the addition of nanoparticles, frame-like 
structures with different surface pattern of nanoparticles can be achieved.289 Other than that, 
Dong et al. synthesized carboxy- and amino-functionalized Janus gold nanoparticles via 
PSCryT method using functional PEO PSCs as templates. After obtaining these two 
asymmetric nanoparticles, they were used for further coupling reactions with each other or 
with polyacrylic acid (PAA) templates, which result in gold nanoparticle dimers and chain-
like structures.290 These important varieties of nanomaterials that been realized via PSCryT 
method have successfully demonstrated the significance of this approach as a generalized 
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platform for the synthesis and applications of hybrid nanostructures, however the 
exploration of the control over polymer brush structures obtained from PSCryT has not 
been focused in the past studies. Thus it will be proven valuable to further the studies on 
PSCryT with specific focus on polymer brush functionalization and their structure-property 
correlations. 
 Objectives 
The first objective of this dissertation study is to develop a highly controllable and 
facile synthetic approach for polymer brushes with controlled chain conformation, grafting 
density and MW on both curved surface and flat surface using polymer single crystals 
(PSCs) as pre-assembled templates. Specifically, poly(ε-caprolactone) (PCL) with 
carefully controlled MW and chain end chemical structures will be used as the model 
system to investigate how using this method can we synthesize polymer brushes in a highly 
controlled manner while tackling the technical problems lay with conventional approaches, 
especially for the synthesis of Janus brushes on nano-sized particle surfaces, brushes with 
density higher than 1 chain/nm2, and PLBs. 
The second objective is to study in detail how the physical & chemical structures of 
polymer brushes would affect their final properties. The highly controlled synthetic 
approach developed herein can be used for the preparation of uniform polymer brush 
coatings on both nanoparticles and flat surfaces with significant precision in obtaining 
desired nanostructures, hence their physical properties can also be tuned for different 
potential application studies. For example, earlier studies using this method for the 
synthesis of JHNPs have demonstrated that by utilizing the asymmetric distribution of 
polymer brushes on gold nanoparticles, self-assembly of these particles into worm-like 
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superstructures can be achieved upon addition of nonsolvent for one block, which could 
result in the drastic change in their optical properties due to surface Plasmon resonance 
effect.284 However because of the highly controlled manner of this synthetic approach, it is 
possible for us to conveniently introduce more functionalities, i.e. responsiveness, to 
asymmetric polymer brushes on nanoparticles which could render these nanomaterials 
fascinating new properties. 
On the other hand, by carefully control the crystallization condition hence the chain 
folding structure during single crystal growth, α, ω-functionalized semicrystalline PCL can 
be used for the synthesis of PLBs on planar surfaces. This unique brush conformation has 
been studied mostly in theory or via computer simulations that due to the additional 
tethering of PLBs compared with STPBs bearing free tails, their physical properties such 
as rigidity, surface diffusion coefficient and dynamics can be significantly altered, which 
could result in drastic change in their performance as surface coating in tuning the friction 
and adhesion behavior.291 The lack of detailed experimental studies on these behavior is 
apparently due to the difficulties in synthesizing uniform PLBs efficiently, which can 
effectively tackled by our method. Hence, atomic force microscopy-based force 
spectroscopy experiments were employed to study how polymer chain interactions with 
loops or tails would result in different surface properties. This study provides a deep insight 
into how polymer brush conformation affects their surface mechanical properties. 
Moreover, this study raised another new question which has been an intensively studied 
topic in biomimetic surface adhesion researches – construction of molecular Velcro. 
Detailed analysis of adhesion profiles obtained with PLBs and STPBs has demonstrated 
the possibility of forming strong adhesive interactions when polymer chains are allowed to 
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form strong entanglement with ring-like loop brushes which could result in very strong 
adhesion upon breaking, while only non-specific van del Waals interactions are present 
when free-dangling polymer chain interacts with free tails of STPBs. This study describes 
in detail a molecular image of the working principle of Velcro tape, which is also widely 
adopted in many biological processes. We demonstrate using this specific type of 
molecular design, promising new materials with strong adhesion performance is feasible. 
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 CHAPTER THREE: MATERIALS AND METHODS 
 Materials 
3.1.1 Polymers 
Hydroxyl-terminated PCL with MW ~ 7k g/mol (PCL7k-OH) and 38k g/mol 
(PCL38k-OH) purchased from Polymer Source, Inc. and dihydroxyl-terminated 
polycaprolactone (PCL2k-2OH, MW ~ 2k g/mol) purchased from Sigma Aldrich were 
used as received. All other polymer samples were synthesized in the lab as described in the 
experimental section in each chapter. The structure of functional PCL are summarized in 
Table 3.1. 
 
Table 3.1 Summary of the chemical structures of functional PCL used in this study. 
Abbreviation Chemical structure 
PCL7k-SiOR 
 
PCL2k-2SiOR 
 
PCL2k-2SH 
 
TEG-PCL-SiOR 
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diPCL-2SiOR 
 
diPCL-2SH 
 
Ph-PCL-SiOR 
 
 
3.1.2 Chemicals 
(3-isocyanatopropyl)triethoxysilane (95%), dibutyltin dilaurate (95%), propylamine 
(99%+), copper (I) chloride (CuCl, 99.995%+), copper (I) bromide (CuBr, 99.999%), 
phosphotungstic acid hydrate (PTA, 95%), aluminum oxide (activated, neutral, for column 
chromatography, 50-200 micron), 3-mercaptopropionic acid (MPA) (99%), Candida 
antarctica lipase B (CALB) (≥10,000U/g), gold chloride (AuCl3, 99%), 
didecyldimethylammonium bromide (DDAB) (98%), tetrabutylammonium bromide 
(TBAB) (98%), decanoic acid (98%), hydrazine (anhydrous, 98%), iron(III) chloride 
hexahydrate (97%), 1-octadecene (90%), oleic acid (99%), (5-methoxy-1,3-
phenylene)dimethanol (99%), (4-methoxyphenyl)methanol (99%), tin(II) 2-
ethylhexanoate (92.5-100.0%), 2-aminoethanol hydrochloride (≥99%), N,N,N′,N′′,N′′-
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pentamethyldiethylenetriamine (PMDETA, 99%) and 2-hydroxyethyl 2-bromoisobutyrate 
(95%) were purchased from Aldrich and used as received. N-isopropylacrylamide (NIPAM, 
99%) was purchased from Aldrich and recrystallized from hexane three times before use. 
ε-Caprolactone (CL, 97%) was purchased from Aldrich and distilled under reduced 
pressure before use. 1-butanol (≥99.5%) and pentyl acetate (99%) were also bought from 
Aldrich and distilled to remove impurities before use. (p-
Chloromethyl)phenyltrimethoxysilane (95%) was purchased from Gelest and used without 
further purification. Rutheniumtetraoxide (RuO4, 99.5%+) and sodium periodate (99%+) 
were purchased from Structure Probe Inc. and used as received. All other chemicals were 
purchased from Aldrich and used without further purifications. 
3.1.3 Nanoparticles 
Colloidal silica nanoparticles (SiNPs) in isopropanol (IPA-ST-L, 40-50 nm in 
diameter, 30-31 wt.% and IPA-ST, 10-15 nm, 30-31 wt.% in isopropanol) were supplied 
by Nissan Chemical American Co.. Gold and iron oxide nanoparticles (AuNPs and 
Fe3O4NPs) were synthesized following literatures.
292, 293 
 Methods 
3.2.1 Preparation of functionalized poly(ε-caprolactone) (PCL) 
Hydroxyl-terminated PCL samples were synthesized via ring-opening 
polymerization catalyzed by tin(II) 2-ethylhexanoate at 110 oC using either mono- or di-
hydroxyl initiators. After obtaining these polymers, post-modification of chain ends using 
either (3-isocyanatopropyl)triethoxysilane or 3-mercaptopropionic acid were conducted to 
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transfer hydroxyl groups into alkoxysilane or thiol groups. For detailed description of 
reactions, please refer to the experimental sections of each chapter. 
3.2.2 Growth of PCL single crystals via self-seeding method 
Typically, 1-butanol was used as solvent for single crystal growth. As shown in 
Figure 3.1, the PCL sample was first dissolved completely in 1-butanol at 60 oC with 
concentration of 0.03 wt.%. After that, the solution was quenched to -20 oC for two hours 
to allow fast crystallization of most polymers. Then the crystal suspension was brought to 
a seeding temperature (Ts) for 10 min to redissolve most of the crystals, leaving crystal 
seeds in solution. Finally, the solution was quenched to different crystallization 
temperature (Tc) for crystal growth. 
 
 
Figure 3.1 A typical self-seeding procedure used to produce PCL single crystals. 
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3.2.3 Immobilization of nanoparticles on PSC lamellae surface 
Different nanoparticles have been successfully immobilized onto PSCs. As the 
attachment of nanoparticles on lamellae surface is via chemical bonding between polymer 
chain ends and nanoparticle surface, silica nanoparticles can only be immobilized onto 
PSCs prepared from PCL with alkoxysilane chain ends, while gold/iron oxide 
nanoparticles were immobilized onto PSCs grown from thiol-terminated PCL. In a typical 
chemisorption experiment, single crystal suspension was simply mixed with colloidal 
nanoparticle solutions under constant magnetic stirring overnight. Free nanoparticles can 
then be removed via multiple centrifugations, and the PSCs/nanoparticle complex were 
redispersed in solvent for further reactions. For detailed description, please refer to 
individual chapter. 
3.2.4 Preparation of PCL brushes on glass or Au flat surfaces using PSCs as templates 
PCL brushes on flat glass or gold surfaces were prepared using PSCs grown from 
alkoxysilane or thiol functionalized PCL as templates. For the immobilization of PCL 
brushes onto Au substrates, the single crystal suspension was dropcasted onto Au surface. 
Immediately after that, the coated substrates were stored under vacuum at room 
temperature to avoid oxidation of thiol groups before binding with Au. The reaction 
between exposed thiol groups on crystal lamellae and Au surface was carried out for 24 hr. 
After that, the coated substrates were sonicated in acetone for 10 min to thoroughly remove 
unbounded polymer chains. These substrates were then stored under vacuum at room 
temperature before further characterizations. 
To immobilize PCL brushes onto glass slides, PSCs grown from alkoxysilane 
terminated PCL were used as templates. Uniform polymer brush coating with macroscopic 
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scale coverage can be achieved via similar dropcasting of PSCs followed by ammonia-
catalyzed immobilization process. Spincoating method was also employed here to form 
isolated islands of polymer brushes domain on a glass slide, and the chemical grafting 
process was the same with dropcasting samples. In a typical immobilization experiment, 
after 1-butanol on the glass slide has completely evaporated, the PSCs coated glass slide 
was put into a closed plastic chamber in which 200 μL ammonia solution was added. The 
chamber was then sealed and the reaction between exposed alkoxysilane groups on crystal 
lamellae and glass surface proceeded for 20 min before the slide was washed thorough 
using acetone. The coated surface was then used directly for further characterizations. 
 Characterizations 
3.3.1 Nuclear magnetic resonance (NMR) spectroscopy 
Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei in a 
magnetic field absorb and re-emit electromagnetic radiation.294 This energy is at a specific 
resonance frequency which depends on the strength of the magnetic field and the magnetic 
properties of the isotope of the atoms. All isotopes that contain an odd number of protons 
and/or of neutrons have an intrinsic magnetic moment and angular momentum, in other 
words a nonzero spin, while all nuclides with even numbers of both have a total spin of 
zero. Because of the abundance of hydrogen in nature and the extremely high sensitivity, 
1H is the most commonly used spin ½ nucleus for NMR spectroscopy studies. Proton NMR 
allows the observation of specific quantum mechanical magnetic properties of the atomic 
nucleus. Many scientific techniques exploit NMR phenomena to study molecular physics, 
crystals, and non-crystalline materials through NMR spectroscopy. It is a powerful 
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technique that can provide detailed information on the topology, dynamics and three-
dimensional structure of molecules. 
In this study, 1H NMR was employed to study the polymer chemical structures. 
Specifically, it was used to determine the degree of polymerization (DP) of as-synthesized 
PCL and the completion of chain end functionalization by calculating the integral area ratio 
between hydrogen resonance peaks from polymer backbone and chain end moieties. All 
spectra were recorded on a Varian 500 MHz spectrometer using deuterated chloroform 
(CDCl3) as the solvent and tetramethylsilane (TMS) as the internal standard. 
3.3.2 Fourier transform infrared spectroscopy (FTIR) 
In Fourier transform infrared spectroscopy (FTIR) experiment, IR radiation is passed 
through a sample. Some of the infrared radiation is absorbed by the sample and some of it 
is passed through (transmitted). The resulting spectrum represents the molecular absorption 
and transmission, creating a molecular fingerprint of the sample. Like a fingerprint no two 
unique molecular structures produce the same infrared spectrum. This makes infrared 
spectroscopy useful for several types of analysis.295 
In this study, FTIR spectra were recorded using a Digilab, UMA 600 Fourier 
transform infrared spectroscopy spectrometer with KBr pellets in the transmission mode. 
To prepare a FTIR specimen, 1 g sample solution (0.1 wt %) was drop cast on the surface 
of KBr pellets and dried under vacuum for 24 h. Before FTIR test, the KBr pellets were 
dried again using infrared lamp for at least 10 min. 
3.3.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique that measures the elemental composition at the parts per thousand 
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range, empirical formula, chemical state and electronic state of the elements that exist 
within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays 
while simultaneously measuring the kinetic energy and number of electrons that escape 
from the top 0 to 10 nm of the material being analyzed. XPS requires high vacuum (P ~ 10-
8 millibar) or ultra-high vacuum (UHV; P < 10-9 millibar) conditions, although a current 
area of development is ambient-pressure XPS, in which samples are analyzed at pressures 
of a few tens of millibar. 
In this study, XPS experiments were done on Physical Electronics VersaProbe 5000 
using High Power 100 μm 100W X-ray beam for acquisition. The analyzer pass energy 
was fixed at 23 eV with no neutralization. Resulted S2p spectra were shifted to C1s at 
285.0 eV binding energy. 
3.3.4 Gel permeation chromatography (GPC) 
Gel permeation chromatography (GPC) is a type of size exclusion chromatography 
(SEC) that separates analytes on the basis of size. The technique is often used for the 
analysis of polymers. As a technique, SEC was first developed in 1955 by Lathe and 
Ruthven.296 The term gel permeation chromatography can be traced back to J.C. Moore of 
the Dow Chemical Company who investigated the technique in 1964 and the proprietary 
column technology was licensed to Waters Corporation, who subsequently commercialized 
this technology in 1964.297 
GPC separates based on the size or hydrodynamic volume (radius of gyration) of the 
analytes. This differs from other separation techniques which depend upon chemical or 
physical interactions to separate analytes.298 Separation occurs via the use of porous beads 
packed in a column. The smaller analytes can enter the pores more easily and therefore 
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spend more time in these pores, increasing their retention time. Conversely, larger analytes 
spend little if any time in the pores and are eluted quickly. All columns have a range of 
molecular weights that can be separated. If an analyte is either too large or too small it will 
be either not retained or completely retained respectively. Analytes that are not retained 
are eluted with the free volume outside of the particles (Vo), while analytes that are 
completely retained are eluted with volume of solvent held in the pores (Vi). The total 
volume can be considered by the following equation, where Vg is the volume of the 
polymer gel and Vt is the total volume: Vt=Vg+Vi+Vo. As can be inferred, there is a limited 
range of molecular weights that can be separated by each column and therefore the size of 
the pores for the packing should be chosen according to the range of molecular weight of 
analytes to be separated. For polymer separations the pore sizes should be on the order of 
the polymers being analyzed. If a sample has a broad molecular weight range it may be 
necessary to use several GPC columns in tandem with one another to fully resolve the 
sample. 
In this study, Waters GPC system with a 1525 binary HPLC pump and a Waters 2414 
refractive index detector was used. All samples were conducted using tetrahydrofuran as 
the carrier solvent with a flow rate of 1.0 mL/min at 30 oC. Standard monodispersed PS 
(Shodex standard, Kawasaki, Japan) were used for calibration. 
3.3.5 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) is a technique that measures the heat flow 
rate difference into a substance and a reference as a function of temperature, while both the 
sample and reference are subjected to a controlled temperature program. Since both the 
sample and the reference are maintained at nearly the same temperature throughout the 
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experiment, any phase transitions such as melting, crystallization, glass transition or 
reactions such as oxidation that absorb or release heat will be reflected on the heating or 
cooling curves. Two types of DSCs are generally available: power compensation and heat 
flux. Power compensation DSC is composed of two individual calorimeters for sample and 
reference. Both sample and reference are kept at the same temperature and the differential 
energy input is recorded as a function of program temperature. Heat flux DSC removes the 
thermocouple from the sample and uses a single furnace for both sample and reference; 
and the temperature difference (ΔT) is recorded as a function of block (furnace) 
temperature. Theoretically both types can give identical results, while each has its own 
advantages and disadvantages. Heat flux DSC has a flat and more reproducible baseline 
while power compensation DSC is more accurate for heat of fusion calculation and 
isothermal measurements.  
A Perkin Elmer DSC7, which is a typical power compensation DSC, was used for 
measurements of melting temperature (Tm), crystallization temperature (Tc) of 
semicrystalline PCL in this study. The samples with an average weight of 2 mg were heated 
from 0 to 100 °C at a scanning rate of 10 °C/min under a nitrogen atmosphere and were 
cooled and reheated using the same rate. 
3.3.6 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes 
in physical and chemical properties of materials are measured as a function of increasing 
temperature (with constant heating rate), or as a function of time (with constant temperature 
and/or constant mass loss).299 TGA is commonly used to determine selected characteristics 
of materials that exhibit either mass loss or gain due to decomposition, oxidation, or loss 
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of volatiles (such as moisture). Common applications of TGA are (1) materials 
characterization through analysis of characteristic decomposition patterns, (2) studies of 
degradation mechanisms and reaction kinetics, (3) determination of organic content in a 
sample, and (4) determination of inorganic (e.g. ash) content in a sample, which may be 
useful for corroborating predicted material structures or simply used as a chemical analysis. 
It is an especially useful technique for the study of polymer materials, 
including thermoplastics, thermosets, elastomers, composites, plastic films, fibers, 
coatings and paints. 
In this study, TGA was performed using a Perkin-Elmer TGA 7. The samples were 
heated from 30 °C to 900 °C under air atmosphere with a heating rate of 5 °C/min. 
3.3.7 Microscopy 
Multiple microscopy techniques were applied to study the materials structures at 
different length scale. Based on what interacts with the samples to generate the images, i.e., 
light or photons, electrons, or a probe, microscopes can be separated into different 
categories including light microscopy (LM), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), and scanning probe microscope (SPM). 
The performance of light microscopy depends as much on how the sample is 
illuminated as on how it is observed.300 Early instruments were limited until this principle 
was fully appreciated and developed, and until electric lamps were available as light 
sources. Among all the LM techniques, bright-field microscopy is the simplest and most 
widely used. Sample illumination is transmitted (i.e., illuminated from below and observed 
from above) white light and contrast in the sample is caused by absorbance of some of the 
transmitted light in dense areas of the sample. The typical appearance of a bright-field 
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microscopy image is a dark sample on a bright background, hence the name. However there 
are many limitations associated with it, such as very low contrast of most biological 
samples, low apparent optical resolution due to the blur of out of focus material, and 
difficulty in observing naturally colorless and transparent materials.301 As an alternative, 
phase-contrast imaging method was developed which exploits the differences in the 
refractive index of different materials to differentiate between structures under analysis.302 
This technique is especially useful to examine crystals when they are optically transparent 
based on their double refraction behavior. 
In this study, LM images were collected using an Olympus BX-51 equipped with an 
Insight digital camera. PSCs samples were typically prepared by spincoating or dropcasting 
of crystal suspension onto a glass slide, and phase contrast microscopy was used as it 
provided strong contrast between PSCs and the substrate. Polymer brushes grafted on glass 
slides were also observed using phase contrast microscopy. 
Theoretically, the maximum resolution of microscopes, d, is limited by the 
wavelength of the photons that are being used to probe the samples, λ, and the numerical 
aperture of the system, NA, based on the following equation:303 
 
𝑑 =
𝜆
2𝑁𝐴
 
3.1 
Clearly, by using optical light as the illumination source, one cannot expect very high 
resolution of imaging simply due to the large wavelength (400-700 nm). In the early 20th 
century, electrons were developed as the light source for high-resolution microscopy 
imaging because of the extremely small de Broglie wavelength of electrons, and these 
microscopes are called electron microscope (EM). The wavelength of electrons is related 
to their kinetic energy via the de Broglie equation. An additional correction must be made 
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to account for relativistic effects, as in a TEM an electron's velocity approaches the speed 
of light, c, as shown in the following equation:304 
 
𝜆𝑒 =
ℎ
√2𝑚0𝐸 (1 +
𝐸
2𝑚0𝑐2
)
 
3.2 
where h is the Planck’s constant, m0 is the rest mass of an electron and E is the energy of 
the accelerated electron. Electrons are usually generated in an electron microscope by a 
process known as thermionic emission from a filament, usually tungsten, in the same 
manner as a light bulb, or alternatively by field electron emission. The electrons are then 
accelerated by an electric potential (measured in volts) and focused by electrostatic and 
electromagnetic lenses onto the sample. 
Transmission electron microscopy (TEM) is a sophisticated and versatile EM 
technique used to study the microstructure of materials with high spatial resolution (sub 
nanometers). In these experiments, a beam of electrons is transmitted through an ultra-thin 
specimen, interacting with the specimen as it passes through. The operating principals of 
TEM are related to LM in that they both use an illumination source that is located at the 
top of the microscope. A condenser lens is located below the illumination source and above 
the sample, and is used to focus the beam. An objective lens is positioned below the sample 
and used to form the image, which is projected to a screen for TEM rather than an eyepiece 
for LM. TEM is capable of imaging complex details and features of a sample that are 
inaccessible by LM because it uses a high energy electron beam rather than visible light. 
Electrons have higher energies and shorter wavelengths than visible light, which allows for 
smaller structures to be resolved. The electrons are typically accelerated at 100-200 kV, 
which allows for nanoscale resolution of 0.1 to 0.3 nm. In the process, the electrons are 
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emitted by an electron gun and illuminate the sample within a high-vacuum environment. 
The electrons interact with atoms in the sample and the transmitted electrons are detected 
to produce an image. A thin sample of 5-100 nm is typically required for a clear image, 
depending on the density and composition of the material and the desired resolution. In this 
study, TEM experiments were conducted on a JEOL 2000FX TEM with an accelerating 
voltage of 120 kV. Before observation, a drop (5 μL) of sample suspension was casted onto 
a carbon coated copper grid, and a filter paper was used to quickly blot the grid to prevent 
aggregation. Sometimes in order to enhance the contrast of TEM images, staining of the 
samples using either ruthenium oxide (RuO4) or phosphotungstic acid were performed 
prior to TEM experiments. 
Scanning electron microscopy (SEM) is another EM technique that enables the 
observation of small structures. SEM has a resolution of 0.5 to 4 nm, which is lower than 
that of TEM due to the wavelength of the electrons being longer because their accelerating 
voltage is lower. SEM also utilizes a different source of electrons for imaging. While TEM 
utilizes transmitted electrons to provide details of the structure and internal composition of 
samples, SEM uses backscattered and secondary electrons to visualize the morphology, 
topography, and contrast in the sample. Unlike TEM and LM, the sample in SEM is 
positioned below the condenser and objective lenses. SEM works by scanning the surface 
of the sample with a focused beam of high-energy electrons. When the beam strikes the 
sample, the electrons interact with the atoms of the material and the electrons that are 
reflected or generated from the surface of the sample are detected and used to produce an 
image. In this study, SEM experiments were conducted using a Zeiss Supra 50VP SEM 
with an acceleration voltage of 10 kV. SEM samples were prepared by depositing 
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nanoparticle suspensions onto the surface of a pre-cleaned glass slide. To increase 
conductivity, samples were coated with platinum (25 s, 40 mA) by a Cressington sputter 
coater 208HR before observation. 
Atomic force microscopy (AFM) is a very high-resolution type SPM, with 
demonstrated resolution on the order of fractions of a nanometer, which is similar with 
TEM. By using an AFM, it is possible to measure a roughness of a sample surface at a high 
resolution, to distinguish a sample based on its mechanical properties (for example, 
hardness and roughness) and, in addition, to perform a microfabrication of a sample (for 
example, an atomic manipulation).305, 306 A typical configuration of AFM is illustrated in 
Figure 3.2. For the purpose of surface feature imaging, it is determined by the interaction 
of the sample with a sharp tip, which is attached to a cantilever that bends under the 
influence of a force. The bending is recorded by monitoring the deflection of a laser that 
reflects off of the cantilever surface. Generally, imaging of surface topology using AFM 
can be done at either contact mode or non-contact mode. In contact mode, the tip is in 
constant contact with the surface, with the short-range repulsive forces being balanced by 
the van der Waals force or by the external elastic force of the cantilever. This technique 
provides a wealth of information regarding surface topography, nanotribology, and 
adhesion physics, but is often invasive and unreliable for imaging with true atomic 
resolution,307, 308 especially when the samples are soft polymeric materials which can 
subject to large deformation. In order to improve the resolution, non-contact mode imaging 
with cantilever vibrating at a certain frequency above the surface has been developed.309 In 
this case, the elastic force on the cantilever overcomes the van der Waals attraction of a tip 
to a surface and prevents the so called “jump-into-contact”.310 Tapping-mode AFM is one 
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of the most extensively used technique among them all. In this experiment, the cantilever 
is excited at a fixed frequency at or near its resonance frequency. Upon approaching the 
sample surface, the tip-surface interaction causes a change in the amplitude and phase of 
the cantilever oscillations, providing a measurable signal, which is used to regulate the tip-
surface distance.311 
 
 
Figure 3.2 Schematics of an atomic force microscopy (AFM). Reproduced from ref.312 
 
In this study, AFM experiments were conducted on a Bruker Dimension Icon AFM 
(Bruker Nano, Santa Barbara, CA). Tapping mode AFM (TM-AFM) was used for the 
imaging of PSCs and polymer brushes in air. Specifically, TESPA silicon probes (Bruker, 
Camarillo, CA) with spring constant k ~ 42 N/m and resonance frequency ~ 320 kHz were 
used, and the images were acquired with 512 × 512 points at a scan rate of ~ 1.0 Hz per 
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line. Contact mode AFM (CM-AFM) was used for the imaging of polymer brushes in liquid. 
In these experiments, soft silicon nitride probes (MLCT-C, Bruker, Camarillo, CA) with 
spring constant k ~ 0.01 N/m were used, and the images were acquired with 512 × 512 
points at a scan rate of ~ 1.0 Hz per line. 
3.3.8 AFM-based Force spectroscopy (AFM-FS) 
Other than high-resolution imaging, AFM has also been widely employed to study the 
mechanical properties of nano-objects via so-called single-molecule force spectroscopy 
(SMFS). In these experiments, the AFM tip is continuously approached to and retracted 
from the sample, while monitoring the interaction force by measuring the cantilever 
bending. The obtained force-distance curves, which reflect the dependence of the force on 
the movement of the piezodevice, provide important insight into the molecular elasticity 
and localization of single macromolecules, such as entropic and enthalpic elasticity of 
single polymer chain, force-induced conformational transition, melting and unzipping 
force of double-stranded DNA, interaction between macromolecules and small molecules, 
interfacial conformation and desorption force of macromolecules, etc.313 
To build a polymer bridge between the AFM tip and the substrate is one of the key 
issues during the SMFS experiment. Polymer chains can be immobilized onto a substrate 
by physical or chemical adsorption. For the physical adsorption, polymer chains are simply 
adsorbed onto the substrate from a dilute solution. To obtain a single chain stretching, it is 
important to use a dilute polymer solution for the sample preparation. So the density of 
molecules at the solid/liquid interface will be low enough to suppress the intermolecular 
entanglement and knotting, simplifying the explanation of the experimental data. However, 
an overdilute polymers samples on the substrate would make it difficult to obtain a force 
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signal. The optimal concentration of the polymer solution for the sample preparation varies 
for different polymer systems.314, 315 
The analysis of obtained F-D curves from SMFS of polymers can provide valuable 
insights into the mechanical properties. In order to do so, multiple mathematical equations 
have been proposed and thoroughly studied. The single-chain elasticity problem has its 
roots in experimental observations that are over 200 yr old, and the loss of entropy during 
the chain extension has been considered as the origin of such property. Quantification of 
the entropic spring based on mathematical expressions has been realized using two most 
widely accepted models, namely the freely jointed chain (FJC) model and worm-like chain 
(WLC) model:316 
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3.4 
where F is the elastic, restoring force of the polymer chain; r is the chain end-to-end 
distance; kB is the Boltzmann constant; T is the absolute temperature; a is the statistical 
segment length (FJC); p (nm) is the persistence length (WLC); L* is the inverse Langevin 
function (Langevin function=cothX-1/X, X=Fa/kBT); Lcontour is the fully extended 
contour length of the chain, which equals to na (FJC) or np (WLC); n is the number of 
chain segments. 
In this study, surface adhesion characterizations of polymer brushes were carried out 
using the same AFM at room temperature in toluene. Soft silicon nitride probes (SNL-10, 
Bruker, Camarillo, CA) with spring constant k ~ 0.12 N/m were firstly surface grafted with 
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either PCL (Mn ~ 38k g/mol) or azobenzene-bearing polymer following published 
procedure (See Chapter 7 and 8 for detailed procedure). For each tip and sample 
combination, at least 10 locations were picked up randomly and tested to give over 800 
force curves. 
The probe was programmed to approach to, indent and then retract from the sample 
at a constant z-piezo displacement rate (approximately equals the indentation depth rate) 
up to a given maximum indentation force. Before retraction, a surface delay time (td=0 or 
10 s) was applied to allow further interaction between AFM probe and brush samples. For 
each curve from a location, the cantilever deflection (in volts) and z-piezo displacement 
(in μm) were converted to an indentation force (in nN) and distance (in nm) through 
calibrating the cantilever deflection sensitivity (nm/V) by indenting on a hard mica 
substrate and a spring constant (nN/nm) via thermal vibration. 
The unloading portion of the curve at each location was noise filtered and baseline 
corrected. Then the curves were hand-picked to identify the existence of adhesion force 
and also to categorize. For each curve, the effective contact point of the retract curve was 
determined as the last point with force larger than 3 times the standard deviation of the flat 
part of the curve. Then the maximum adhesion force was determined as the absolute value 
of the adhesion force from the retract curve. The corresponding distance was determined 
as the distance between the minimum force point and the effective contact point. 
3.3.9 Ultraviolet-visible spectroscopy (UV-vis) 
UV-Vis spectra were collected on an Ocean Optics USB4000 miniature fiber-optic 
spectrometer. These spectra were used to characterize the surface Plasmon resonance (SPR) 
of gold nanoparticle assemblies as well as the optical transmission of hairy nanoparticle 
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solutions. For the latter measurements, the optical transmittance were acquired at a 
wavelength of 800 nm. 
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 CHAPTER FOUR: JANUS SILICA NANOPARTICLES WITH AMPHIPHILIC 
POLYMER BRUSHES SHOWING UNIQUE RESPONSIVE BEHAVIOR 
 Introduction 
As an extreme case of binary polymer brushes, Janus hairy nanoparticles (JHNPs) are 
composed of a single core that is surrounded by compartmentalized corona.317-319 Because 
of their unique structures and properties, Janus particles are promising in the fields such as 
photonics, sensors, drug delivery and surfactant.77, 147, 320 They also exhibit interesting 
assembly behavior compared with symmetric particles.321 Using Janus nanoparticles as the 
building blocks, much more versatile suprastructure are feasible.322, 323 Many approaches 
have been reported for the preparation of Janus particles, including toposelective 
modification,324-326 surface nucleation,327-330 self-assembly of block polymers,331-333 
microfluidic technique,334-336 space-confined assembly,337, 338 electrospinning,339-341 
controlled phase separation,342-344 and Pickering emulsion-based interfacial synthesis.345-
348 Even though considerable achievements have recently been obtained in this area, very 
few sub-100nm Janus nanoparticles have been reported. Among the limited examples, 
Perro et al.328 reported a multi-step procedure to synthesize ~ 80 nm Janus silica 
nanoparticles (SiNPs) using polystyrene nodule as the mask. Zhang et al.349 reported a 
Pickering emulsion-based method using 100 nm SiNPs as the surfactant to stabilize 
styrene/sodium methacrylate aqueous solution emulsion. After the surface-initiated free 
radical polymerization of both styrene and sodium methacrylate, Janus SiNPs with 
polystyrene and poly(sodium methacrylate) bicompartment polymer brushes on the 
opposite surface can be synthesized. 
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In this chapter, following the PSCryT strategy, the functionality of JHNPs rendered 
by asymmetrically grafted polymer brushes is being explored. As a model system, 
hydrophobic PCL with alkoxysilane chain end are used to grow PSC templates and SiNPs 
with diameter around 50 nm are used as the core material. PNIPAM brushes can then be 
grafted onto the exposed surface of SiNPs to yield Janus SiNPs with PCL and PNIPAM 
polymer brushes following the SI-ATRP approach (Scheme 4.1). The chemical structure, 
anisotropic morphology and thermo-responsiveness of JHNPs have been thoroughly 
characterized. 
 
Scheme 4.1 Schematic illustration of the synthesis procedure of Janus silica nanoparticles 
(a), and the side-view of a PCL (Mn~ 7k g/mol) PSCs showing the chain folding (b). 
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 Experimental procedure 
4.2.1 Synthesis and crystallization of alkoxysilane-terminated PCL from PCL7k-OH 
300 mg PCL7k-OH was dissolved in 10 mL anhydrous dichloromethane in a flask 
under nitrogen protection with continuous magnetic stirring. 1 mL of (3-
isocyanatopropyl)triethoxysilane  was then added dropwisely into the PCL solution 
following catalytic amount of dibutyltin dilaurate. After 12 h, the reaction was stopped and 
the solution was concentrated using a rotary evaporator. Precipitating the concentrated 
solution in methanol yielded PCL7k-SiOR white powder, which was washed thoroughly 
with methanol and dried in vacuum at room temperature for 24 h before use. 
Single crystal growth of PCL7k-SiOR was conducted following the self-seeding 
method described in Chapter 3. In this case, Ts was chosen at 45 
oC and Tc was fixed at 20 
oC. After 24 hr, the PSCs were isolated from solution via multiple centrifugation and 
redispersed in 1-butanol for further reactions. 
4.2.2 Synthesis of Janus silica nanoparticles (SiNPs) 
To clarify the preparation route, Janus SiNPs are denoted as A-SiNP-B. A and B 
stand for the ligand/polymer brushes grafted on SiNPs. The overall synthetic route is 
illustrated in Scheme 4.1. 
4.2.2.1 Synthesis of Janus SiNPs functionalized with PCL and ATRP initiator (PCL-
SiNP-I) 
After obtaining PSCs suspension in 1-butanol, they were then used to harvest SiNPs 
(40-50 nm) on their lamellae surface via chemisorption in solution. Typically, the weight 
ratio between crystal suspension in 1-butanol and IPA-ST-L colloidal solution was about 
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10/1. Small amount of deionized water (0.25 wt.%) was added to the mixture as catalyst. 
The immobilization process was conducted for 24 hr at room temperature, and free SiNPs 
were removed via multiple centrifugations. 
The SiNPs immobilized PSCs (PCL7k-SiORSC@SiNPs) were redispersed in 2-
propanol. Into this solution 2 vol.% of propylamine and (p-
chloromethyl)phenyltrimethoxysilane was added consecutively. The reaction was 
conducted at room temperature for 24 hr before the removal of free initiator via 
centrifugation. The washed PCL7k-SiORSC@SiNPs were then redispersed in 2-propanol 
for further reaction. At this point, the immobilized SiNPs were asymmetrically 
functionalized with PCL brushes and ATRP initiator, thus forming Janus structure. To 
confirm the successful grafting of these materials, nanoparticles (PCL-SiNP-I) were 
collected by dissolving PSCs in acetone followed by centrifugation at 10000 rpm for 30 
min. The Janus SiNPs were washed thoroughly using acetone, and dried under vacuum at 
room temperature before characterizations. 
4.2.2.2 Synthesis of Janus silica nanoparticles grafted with PCL and poly(N-
isopropylacrylamide) (PNIPAM) brushes (PCL-SiNP-PNIPAM) 
Janus SiNPs with amphiphilic PCL and PNIPAM brushes were prepared via surface-
initiated ATRP (SI-ATRP) of NIPAM from the initiators grafted on PCL-SiNP-I. In a 
typical reaction, PCL7k-SiORSC@SiNPs after initiator functionalization were dispersed 
along with CuCl (4.75 mg, 0.048 mmol), NIPAM (0.45 g, 4 mmol) and (p-
chloromethyl)phenyltrimethoxysilane (4.4 μL, 0.02 mmol) in 4.5 g isopropanol. The 
mixture were then added to a Schlenk tube under nitrogen. Three cycles of freeze-pump-
thaw were conducted to remove air in the tube. Me6TREN (11.04 mg, 0.048 mmol) was 
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then added into the mixture in frozen state, followed by two additional freeze-pump-thaw 
cycles. During the thawing period, the reaction reagents were mixed using a magnetic stir 
bar under nitrogen. The polymerization was conducted at 35 °C under vacuum. After 48 
hr, the polymerization was stopped by opening the tube to air. The reaction mixture was 
centrifuged and the isolated PCL7k-SiORSC@SiNPs were obtained. The supernatant was 
collected and purified using aluminum oxide column chromatography three times to 
remove copper salt, followed by precipitation in cold diethyl ether to form “free” PNIPAM, 
which was collected by filtration, washed thoroughly with diethyl ether, and dried in 
vacuum at room temperature before further characterizations. PCL-SiNP-PNIPAM was 
collected by multiple centrifugations followed by dissolution of the PSCs in acetone. The 
Janus nanoparticles were dried in vacuum at room temperature for 24 h before further 
studies. 
4.2.3 Synthesis of symmetrically modified silica nanoparticles (SiNPs) 
As a control experiment, symmetrically functionalized SiNPs were synthesized to 
study the effects of Janus structure to the properties of nanoparticles. In the first step, SiNPs 
were functionalized using the same initiator as Janus SiNPs. Typically, SiNPs in 
isopropanol (1 g) was firstly diluted using isopropanol (15 mL). Propylamine (0.3 mL) was 
then added to the solution followed by dropwise addition of (p-
chloromethyl)phenyltrimethoxysilane (0.3 mL). The mixture was sealed, and then stirred 
overnight using a magnetic stir bar at room temperature. After completion of the reaction, 
the initiator functionalized SiNPs (I-SiNP) were collected using centrifugation and 
thoroughly washed with isopropanol to remove the free initiator. The particles were then 
dried in vacuum at room temperature for 24 h before further reaction. 
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After obtaining I-SiNP, SI-ATRP was conducted to grow uniform PNIPAM brushes 
onto the surface of SiNPs. In a typical reaction, CuCl (4.66 mg, 0.047 mmol), I-SiNP (60 
mg), NIPAM (0.44 g, 3.9 mmol) and (p-chloromethyl)phenyltrimethoxysilane (4.4 μL, 
0.02 mmol) were added into a Schlenk tube under the protection of nitrogen. Three cycles 
of freeze-pump-thaw were then conducted to remove air in the tube. Me6TREN (10.81 mg, 
0.047mmol) was then added into the tube in the frozen state, followed by two additional 
freeze-pump-thaw cycles. During the period of thawing, the reaction reagents were mixed 
using a magnetic stir bar under nitrogen. The polymerization was conducted at 35 °C under 
vacuum. After 24 h, the polymerization was stopped by opening the tube to air. SiNPs 
uniformly grafted PNIPAM brushes (PNIPAM-SiNP) were obtained and purified via a 
multiple centrifugation process. The supernatant of each centrifugation cycle was collected, 
purified using aluminum oxide column three times and precipitated in diethyl ether to yield 
“free” PNIPAM. Finally, both particles and the free polymer were dried in vacuum at room 
temperature for 24 h before characterization. 
 Results & discussions 
4.3.1 SiNPs with a single PCL patch 
Janus SiNPs with a single PCL patch on the surface (PCL-SiNP) were successfully 
synthesized via PSCryT method using PCL7k-SiOR PSCs as the substrates followed by 
subsequent dissolution of the PSCs. In the first step, PCL7k-OH was functionalized using 
organic silane bearing isocyanate to introduce -SiOR at the PCL chain end. During the self-
seeding crystallization process, -SiOR groups were excluded onto the lamellar surface. 
This thin PCL7k-SiOR lamellar crystal mimics nanoscale “tape” and can be utilized for 
chemisorption of SiNPs (Scheme 4.1). Figure 4.1 shows TEM images of PCL7k-SiOR 
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PSCs before and after SiNPs immobilization. Using the self-seeding method, hexagonal 
2D lamellae crystals can be formed from the dilute solution of PCL in 1-butanol as shown 
in Figures 4.1a & b. Subsequent PSCryT adsorption of SiNPs can then be conducted by 
simply mixing the single crystal suspension and SiNPs solution under gentle stirring. The 
TEM images (Figures 4.1c & d) show that, due to the covalent bonding between the -SiOR 
groups and SiNPs, the latter can be exclusively immobilized onto the crystal surface to 
form a uniform 2D nanoparticle sheet. After the crystals were dissolved in acetone, SiNPs 
with a single PCL path can be obtained. 1H NMR (Figure 4.2a) and FTIR spectra (Figure 
4.3a) were used to confirm the successful attachment of PCL polymer brushes on SiNPs. 
A typical NMR spectrum of PCL macromolecules can be observed in Figure 4.2a with 
intensive peaks at δ ~ 4.1, 2.3, 1.6 and 1.4 ppm. The peak positions and integral area ratio 
agree with the NMR spectrum of pure PCL. However comparing NMR peaks of 
immobilized PCL with free PCL, the peak width was broadened. This is because the motion 
of the polymer chains was restricted by tethering one chain end to the solid surface.350 In 
the FTIR spectra of PCL-SiNP, the band at 1733 cm-1 were ascribed to C=O stretching in 
the PCL moiety. Due to the small amount of PCL grafted on SiNPs (~10 wt.% according 
to TGA, see later discussion), these FTIR bands were weak compared with bands at 1100 
cm-1 (Si-O stretching), 500 cm-1 (Si-O bending) and 800 cm-1 (Si-O-Si bending). 1628 cm-
1 band was attributed to the overtone of silica.351 
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Figure 4.1 (a) Phase-contrast optical microscopy image of PCL7k-SiOR single crystals; (b) 
Transmission electron microscopy (TEM) image of PCL7k-SiOR PSCs; (c) & (d) PCL7k-
SiOR single crystal immobilized with SiNPs under different magnifications. 
 
4.3.2 JHNPs with bicompartment brushes via grafting-from method 
After SiNPs have been successfully immobilized onto single crystal surface, SI-ATRP 
was adopted to grow hydrophilic PNIPAM brushes on the bare surface of the SiNPs. To 
this end, the bare surface of the SiNPs on PCL single crystals was firstly functionalized 
with (p-chloromethyl)phenyltrimethoxysilane, which was used to initiate ATRP of NIPAM 
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following the procedure discussed in the experimental section. Attachment of the initiator 
molecules was confirmed by FTIR (Figure 4.3b). In the FTIR spectra of PCL-SiNP-I Janus 
particles, because of additional alkyl groups introduced by grafting of initiators, bands at 
~ 2900 cm-1, which are due to the stretching of C-H groups, are strengthened. Furthermore, 
relative intensity of the bands at 1625 cm-1 and 1735 cm-1 dramatically increased compared 
with that of PCL-coated with SiNP, which can be attributed to the vibration of benzene 
ring structure in initiator moieties that strengthened the absorption at 1625 cm-1. 
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Figure 4.2 1H Nuclear magnetic resonance (NMR) spectrum of PCL-SiNP (a) and PCL-
SiNP-PNIPAM (b) Janus nanoparticles. 
 
SI-ATRP was subsequently conducted from the initiator-functionalized SiNPs on the 
PCL7k-SiOR PSCs. To better control the polymerization, free (p-
chloromethyl)phenyltrimethoxysilane was added into the polymerization media as the 
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sacrificial initiator. Polymerization proceeded in isopropanol for 24 h using 
Me6TREN/CuCl as the catalyst complex at 35 °C. After completion of polymerization, the 
PSCs/SiNPs hybrids were thoroughly washed with isopropanol, and the supernatant was 
precipitated into ethyl ether to yield free PNIPAM polymer for molecular weight analysis. 
Figure 4.4 shows TEM images of PCL PSCs coated with SiNPs after polymerization. 
Single crystal morphology retained after the polymerization process and SiNPs are bonded 
with the crystal. As illustrated in Figure 4.4b, although the contrast is weak without staining, 
it appears that SiNPs are covered with polymer coating. To confirm that PNIPAM was 
successfully grafted on SiNPs, the PSCs were dissolved in acetone, and the resultant PCL-
SiNP-PNIPAM JHNPs were collected for NMR and FTIR studies. The NMR spectrum of 
PCL-SiNP-PNIPAM is shown in Figure 4.3b. Based on the integral areas of two peaks at 
δ ~ 2.3 ppm and ~ 1.1 ppm in the spectrum, it can be calculated that the molar ratio between 
repeating units of PCL and PNIPAM brushes is approximately 1:3. From the FTIR 
spectrum of PCL-SiNP-PNIPAM, the two strong bands attributed to amide I (1654 cm-1, 
C=O stretching) and amide II (1549 cm-1, N-H stretching) from PNIPAM brushes can 
clearly be observed. 
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Figure 4.3 Fourier transform infrared spectroscopy (FTIR) spectrum of PCL-SiNP (a), 
PCL-SiNP-I (b) and PCL-SiNP-PNIPAM (c). 
 
 
Figure 4.4 Transmission electron microscopy (TEM) images of PCL7k-SiOR PSCs 
immobilized with SiNPs after SI-ATRP under different magnifications. The solid lines in 
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(a) indicate the edges of PSC. Note the polymer coating indicated by arrows on b compared 
with TEM image of PCL PSC immobilized with SiNPs before ATRP (Figure 4.2). 
 
The Janus nature of PCL-SiNP-PNIPAM was demonstrated using TEM with 
different staining methods. Figure 4.5 shows the TEM images of PCL-SiNP-PNIPAM 
without staining, and of those stained with RuO4 and PTA, respectively. Without staining, 
SiNPs can be seen while the polymer shell is not clear, as shown in Figure 4.5a & b. After 
staining with RuO4, asymmetric structure can be clearly demonstrated as shown in Figure 
4.5c & d. Because RuO4 selectively stains PCL patch, we can clearly see the PCL patch of 
~ 5-30 nm in size, occupying approximately 1/6 of the projected SiNP surface area. Note 
that the size of the patch is strongly dependent on the orientation of the particle with respect 
to the electron beam. Figure 4.5e & f show the TEM images of PCL-SiNP-PNIPAM after 
dropcasting from an acetone solution followed by PTA staining. In this case, grayish PCL 
patches were observed while a thin layer of PNIPAM brushes which was also negatively 
stained by PTA solution can also be seen covering the surface of SiNPs. Note that the 
unclear interface between PCL and PNIPAM brushes in Figure 4.6f is due to the orientation 
of SiNPs. A control experiment using aqueous solution of PCL-SiNP-PNIPAM Janus 
nanoparticles for TEM imaging was also conducted to further illustrate the structure of 
Janus nanoparticles and the results are shown in the inset of Figure 4.6f. Only core-shell 
like structure was observed and the asymmetric feature previously observed was 
completely absent. Tilting experiments of the TEM grid holder were conducted in order to 
eliminate the effects from the orientation of nanoparticles; no obvious differences were 
observed. This “apparent” symmetric staining of the Janus particle is because that, the 
hydrophobic PCL brushes collapse in aqueous solution while PNIPAM brushes are in a 
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swollen state (see later discussion for detailed description of the behavior of polymer 
brushes in aqueous solution). PNIPAM occupies the major part of the SiNPs and covers 
the PCL patch in the aqueous condition. Negative staining using PTA therefore can only 
show the “apparent” symmetric PNIPAM patches. Based on the above TEM experiments, 
the Janus structure of PCL-SiNP-PNIPAM nanoparticles comprised of bicompartment 
polymer brushes with amphiphilic nature was successfully demonstrated. 
 
94 
 
 
Figure 4.5 Transmission electron microscopy (TEM) images of PCL-SiNP-PNIPAM 
JHNPs with different staining methods: (a, b). without staining before observation; (c, d). 
stained with RuO4 for 30 min before observation; (e, f). solution cast from an acetone 
solution and stained with PTA aqueous solution (2 wt.%) for 1 min before observation. 
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The inset in (f) shows the TEM image of PCL-SiNP-PNIPAM solution cast from aqueous 
solution at room temperature and stained with PTA aqueous solution (0.2 wt.%) for 1 min. 
 
The MW and PDI of PNIPAM brushes on Janus particles were obtained using GPC. 
Figure 4.6a shows the GPC traces of PNIPAM polymerized from sacrificial initiators in 
the PCL-SiNP-PNIPAM synthesis. Because of the “living” nature of ATRP, the as-
synthesized polymer molecules had relatively narrow PDI of around 1.2.283 It has also been 
widely accepted that the grafted polymer on substrates in SI-ATRP has similar MW and 
PDI compared with free polymers initiated from sacrificial initiator.352 This was also 
confirmed in our case using symmetric PNIPAM-SiNP as the model system. As shown in 
Figure 4.6b, the molecular weight and PDI of free PNIPAM and cleaved PNIPAM are very 
close to each other. Therefore, we can conclude that the number average molecular weight 
(Mn) of PNIPAM brushes on PCL-SiNP-PNIPAM and PNIPAM-SiNP symmetric 
nanoparticles are 6500 g mol-1 and 7600 g mol-1, respectively. These data are summarized 
in Table 4.1 and will be used for the grafting density calculation. 
 
Table 4.1 Characterization of polymer brushes on PCL-SiNP-PNIPAM Janus nanoparticles 
and PNIPAM-SiNP symmetric nanoparticles. 
 MnPCL 
MnPNIPAM 
(free)a 
MnPNIPAM 
(grafted)a 
PDIb nPCLc nPNIPAMc σd 
PCL-SiNP-PNIPAM 7000 6500 - 1.18 943 2729 0.58 
PNIPAM-SiNP - 7200 7400 1.19 - 2241 0.36 
a Number average molecular weight of corresponding polymer from GPC (g/mol) 
b Polydispersity of PNIPAM obtained using GPC 
c Number of polymer chains on one silica nanoparticle 
d Grafting density (chains/nm2) 
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Figure 4.6 Gel permeation chromatography (GPC) curves of: (a). free PNIPAM from PCL-
SiNP-PNIPAM JHNPs; (b). free PNIPAM from PNIPAM-SiNP symmetric nanoparticles 
and PNIPAM cleaved from symmetric nanoparticles. 
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4.3.3 Grafting density of polymer brushes on Janus and symmetric SiNPs 
In PCL7k-SiOR lamellar crystals, PCL7k-SiOR chains are perpendicular to the 
crystal surface and they fold back and forth. To estimate the number of grafted PCL chains 
on SiNPs, number of folds per polymer chain is needed. To this end, AFM was used to 
estimate the overall thickness of the crystal, which, in combination with the polymer Mn, 
can lead to an estimation of the number of folds. Figure 4.7 shows an AFM image of a 
PCL-SiOR single crystal and a height scanning profile of the crystal (lower left inset), 
indicating that the overall thickness of the crystal is ~ 10 nm. Combining the thickness of 
single crystal lamellae, PCL Mn and crystal structure,
353 we can calculate that a single PCL-
SiOR chain folds 4 times along the direction perpendicular to the lamellar surface (Scheme 
4.1b). Due to their large size, we assume that all the -SiOR end groups are excluded on the 
crystal surface. The areal density of alkoxysilane groups on the PCL crystal surface could 
then be estimated to be 1.07/nm2. If we use the 2D projection of SiNPs on crystal lamellae 
as the grafted area, the estimated number of PCL chains is1946per particle. However this 
number can only serve as a theoretical upper-limit because during the calculation, the 
grafted area was over-estimated. 
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Figure 4.7 Atomic force microscopy (AFM) images of a PCL7k-SiOR single crystal 
prepared in this study and the corresponding height profile (inset). 
 
In order to obtain more accurate numbers of grafted chains for both PCL and 
PNIPAM brushes, TGA curves of different SiNPs were obtained as shown in Figure 4.8. 
From the residual weight percentage at 900 °C of each curve, assuming the SiNPs have a 
spherical shape, the mean diameter of SiNPs is 45 nm, and the density is 2.07 g/cm3, we 
can calculate that approximately 943 PCL chains (7k g/mol) were grafted on one SiNP, 
forming the PCL compartment, while 3325 PNIPAM chains occupy the rest of the surface 
area and form the PNIPAM compartment. Using the chain number of both PCL and 
PNIPAM on the Janus PCL-SiNP-PNIPAM, the molar ratio between the repeating units of 
them was calculated to be ~1:2.8, which is consistent with the NMR result (see previous 
discussion). Based on the TGA result, the number of initiator molecules grafted on one 
PCL-SiNP-I Janus particles can also be estimated to be about 16713, which indicated that 
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around 20% of the anchored initiator successfully initiated SI-ATRP process. The average 
grafting density of PCL and PNIPAM polymer brushes on SiNP was 0.67 /nm2, which is 
comparable with our previous studies on Janus gold nanoparticleswith bicompartment 
polymer brushes.282, 283 
 
 
Figure 4.8 Thermogravimetry analysis (TGA) curves of bare SiNPs, symmetric SiNPs and 
Janus SiNPs with different patches. 
 
4.3.4 Thermo-responsive behavior of PCL-SiNP-PNIPAM JHNPs 
First, to understand the influence of anisotropy of Janus nanoparticles on the LCST 
behavior, comparison was made between the Janus nanoparticles solution and symmetric 
nanoparticles solution. Turbidity of the Janus PCL-SiNP-PNIPAM and symmetric 
PNIPAM-SiNP nanoparticle aqueous solution (0.1 wt.%) was measured by monitoring the 
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temperature-dependence optical transmittance at 800 nm. As shown in Figure 4.9, at low 
temperature, both solutions were relatively transparent and the transmittance decreased 
dramatically at LCST regions of PNIPAM. The transition for Janus particle is much sharper 
and the temperature ranges of Janus and symmetric nanoparticles are about 31-34 °C and 
34-43°C, respectively. Janus nanoparticle transition also occurred ~ 4 C lower. Wu et 
al.354 recently reported a systematic study on the preparation of SiNPs with uniformly 
coated PNIPAM brushes and their thermo-responsive properties. By utilizing dynamic 
light scattering and optical transmittance characterizations of nanoparticle solution in water, 
they found that the thermal phase transition of PNIPAM brushes on the SiNPs surface 
happened within a wide temperature range from 33 °C to 47 °C, which is similar to our 
symmetric SiNP results. 
 
 
Figure 4.9 Temperature-dependent optical transmittance at 800 nm obtained from aqueous 
solutions of PCL-SiNP-PNIPAM and PNIPAM-SiNP nanoparticles (0.1 wt.%). 
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For Janus nanoparticles with one patch composed of PNIPAM brushes, it has been 
found that the property of the other patch would greatly influence the thermo-responsive 
behavior.355, 356 In our study, because Mn, PDI and grafting density of polymer brushes on 
both Janus and symmetric nanoparticles are similar, the faster transition and lower 
transition temperature of Janus nanoparticles are ascribed to the effect of the PCL 
hydrophobic patch on Janus particle. As shown in Scheme 4.2, for a Janus PCL-SiNP-
PNIPAM, when the temperature is lower than LCST of PNIPAM brushes, because 
relatively large surface area of the Janus nanoparticle was covered by the hydrophilic 
polymer brushes, PCL patch would collapse and be covered by surrounding PNIPAM 
brushes, as evidenced by the TEM image shown in the inset of Figure 5f.As the temperature 
approaches LCST, PNIPAM chain itself starts to go through a coil-globule transition and 
eventually would not be able to cover the collapsed PCL patch on the Janus nanoparticles. 
Under this condition, exposed hydrophobic PCL patches in water would induce the 
agglomeration of nanoparticles and lower the transparency of aqueous dispersion. When 
the temperature further increases, PNIPAM brushes would continue to collapse, and 
eventually, not only the PCL patch would completely be exposed to aqueous phase, 
PNIPAM corona becomes “sticky” and starts to contribute to the formation of agglomerate. 
Apparently, in the case of symmetric SiNPs with PNIPAM brushes, no extra hydrophobic 
interaction can be introduced upon increasing temperature, and PNIPAM brushes can still 
maintain relatively good water-solubility at the early stage of transition; higher transition 
temperature and wider transition range was thus been observed. 
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Scheme 4.2 Schematic illustration of the proposed lower critical solution temperature 
(LCST) behavior of PCL-SiNP-PNIPAM Janus particles in aqueous solution.(a, b & c)at 
the bottom shows scanning electron microscopy (SEM) images of the assembled structures 
of Janus nanoparticles in solution at corresponding temperatures. 
 
 
To further evaluate the thermal-transition behavior of Janus nanoparticles synthesized 
in this study, two more PCL-SiNP-PNIPAM samples with different MW of PNIPAM were 
synthesized and studied. For the convenience of discussion in this section, the JHNPs were 
denoted as PCL-SiNP-PNIPAMA where A represents the number average molecular 
weight (Mn) of PNIPAM brushes of each sample obtained by GPC. By measuring the 
turbidity of three nanoparticle solutions with various concentrations using the same method 
described previously, the MW-dependence and concentration-dependence of the LCST 
behavior of PCL-SiNP-PNIPAM Janus nanoparticles can be established. 
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In order to eliminate the effects of grafting density of PNIPAM brushes to the LCST 
behavior of nanoparticles, it is necessary to thoroughly characterize all three Janus 
nanoparticle samples to ensure the polymer brushes on particle surface have similar density. 
Figure 10 shows the detailed GPC, NMR and TGA results of three Janus nanoparticles 
synthesized in this study. From the GPC curves it can be found that the Mn of PNIPAM 
brushes grafted on the three Janus nanoparticles was 4700, 6500 and 9800 g/mol, 
respectively. The NMR spectrum shown in Figure 4.10b indicated that the molar ratio 
between the repeating units of PCL and PNIPAM brushes on Janus nanoparticles were 1/2, 
1/3 and 1/4.5 for PCL-SiNP-PNIPAM4.7k, PCL-SiNP-PNIPAM6.5k and PCL-SiNP-
PNIPAM9.8k, respectively. By combining with the TGA data shown in Figure 10c, similar 
grafting density of polymer brushes on silica nanoparticle surface was calculated for all 
three samples. These data were summarized in Table 4.2. 
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Figure 4.10 (a). Gel permeation chromatography (GPC) curves of free PNIPAM obtained 
from three PCL-SiNP-PNIPAM nanoparticles synthesized; (b) 1H Nuclear magnetic 
resonance (NMR) spectra of PCL-SiNP-PNIPAM4.7k, PCL-SiNP-PNIPAM6.5k and PCL-
SiNP-PNIPAM9.8k nanoparticles in chloroform-d; (c) Thermogravimetry analysis (TGA) 
of PCL-SiNP-I Janus nanoparticles and JHNPs with different MW of PNIPAM brushes. 
 
Table 4.2 Characterizations of polymer brushes on Janus nanoparticles with different 
PNIPAM molecular weight. 
 
MnPCL 
(g/mol) a 
MnPNIPAM 
(g/mol)a 
PDIPNIPAMb nPCLc nPNIPAMc σd 
PCL-SiNP-PNIPAM4.7k 7000 4700 1.13 943 2128 0.48 
PCL-SiNP-PNIPAM6.5k 7000 6500 1.18 943 2729 0.58 
PCL-SiNP-PNIPAM9.8k 7000 9800 1.23 943 2584 0.55 
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a Number average molecular weight of free PNIPAM obtained using GPC 
b Polydispersity of free PNIPAM obtained using GPC 
c Number of polymer brushes grafted on the surface of one silica nanoparticle 
d Grafting density of polymer brushes (chains/nm2) 
 
The MW-dependence of the LCST behavior of PCL-SiNP-PNIPAM Janus 
nanoparticles was shown in Figure 4.11. It can be noted that with longer PNIPAM chain 
on the surface, the thermal-transition would start at higher solution temperature (29 °C for 
PCL-SiNP-PNIPAM4.7k, 31 °C for PCL-SiNP-PNIPAM6.5k, and 33 °C for PCL-SiNP-
PNIPAM9.8k), while the temperature at which all samples reached lowest transmittance was 
relatively constant regardless the difference in molecular weight. This phenomenon can be 
easily explained using the mechanism proposed in previous discussion. Since the initial 
decrease in the transmittance of nanoparticle solution was induced by the hydrophobic 
interaction between PCL patches between different particles, with a constant PCL domain 
size, PNIPAM brushes with higher molecular weight would require higher temperature to 
collapse to a certain height when the PCL domain were exposed to aqueous environment. 
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Figure 4.11 Temperature-dependent optical transmittance at 800 nm obtained from 
aqueous solutions of PCL-SiNP-PNIPAM nanoparticles with different PNIPAM MW at 
constant concentration (0.1 wt.%). 
 
Meanwhile, the LCST behavior of Janus nanoparticles also showed a concentration-
dependent property. Figure 4.12 shows the temperature dependent transmittance of Janus 
nanoparticle solutions with different PNIPAM molecular weight and particle concentration. 
As depicted in the transmittance curves, for all three Janus particle samples, the thermal-
transition behaved within longer time period as the concentration decreased, which can be 
conveniently attributed to the lower possibility for nanoparticles to colloid with each other 
under diluted condition. However, the temperature which triggered the LCST behavior of 
each nanoparticle sample at different concentrations was relatively constant. This 
observation further confirmed the mechanism proposed previously which attributed the 
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decrease of particle solutions to the interaction between exposed PCL domains. Even 
though the possibility of collision between nanoparticles was decreased due to lowered 
solution concentration, the decreased transmittance at the specific temperature still 
evidenced the collapse of PNIPAM chain which resulted in hydrophobic interaction 
between PCL domains. 
 
 
Figure 4.12 Temperature-dependent optical transmittance at 800 nm obtained from 
aqueous solutions of PCL-SiNP-PNIPAM nanoparticles with different PNIPAM molecular 
weight at different concentration (0.1, 0.05 & 0.01 wt.%): (a). PCL-SiNP-PNIPAM4.7k; (b). 
PCL-SiNP-PNIPAM6.5k; (c) PCL-SiNP-PNIPAM9.8k. 
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 Conclusions 
In this study, a simple and versatile approach of synthesizing Janus silica 
nanoparticles with amphiphilic properties was demonstrated using the PSCryT method. 
PCL single crystals with alkoxysilane groups distributed on the surface was utilized as a 
solid-state substrate for immobilization of SiNPs. The exposed bare surface of silica 
nanoparticles were further functionalized using organosilane bearing halogen group 
followed by SI-ATRP of NIPAM. Through this two-step process, amphiphilic Janus silica 
nanoparticles with hydrophobic (PCL) and hydrophilic (PNIPAM) patches were 
successfully synthesized, and the asymmetric nature was demonstrated by TEM using 
different staining methods. These Janus particles can be readily dispersed in water to form 
uniform and transparent suspension at room temperature, and the PNIPAM brushes on the 
surface can trigger thermo-responsive assembly of the Janus nanoparticles. Compared with 
SiNPs with uniformly grafted PNIPAM brushes, Janus particles in our study showed a 
lower thermal transition temperature and much narrower transition range. This unique 
behavior was attributed to the presence of PCL patch on the surface of Janus particles: 
hydrophobic interaction between these patches on different particles provides much greater 
driving force for the agglomeration of Janus particles within the temperature range of 
LCST. 
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 CHAPTER FIVE: NANOPARTICLE DIMERS TEMPLATED FROM 
EXTENDED-CHAIN POLYMER SINGLE CRYSTALS 
 Introduction 
Forming nanoparticle (NP) assembles (or hetero NP clusters), such as dimers, trimers 
or chains, has led to enhanced NP performance and novel functionality.357-359 In general, 
controlled nucleation and growth methods can be used to fabricate NP ensembles with 
solid-state interface while ligand coupling approaches produce NP ensembles with organic 
linkers.360-363 Moreover, since the properties of NP dimers are strongly coupled with the 
gap distance between the bonded NPs, it is of great interest to synthesize NP dimers with 
a tunable gap distance. Controlled hybridization of DNA strands has been demonstrated to 
tune the gap distance of NP dimers;364-366 however, the overall process is relatively costly 
and difficult to handle. Other reported works on synthesis of NP dimers with organic 
linkers often require multiple functionalization steps; therefore, developing a simple and 
versatile approach for NP dimer synthesis is still a challenging task. 
In this chapter, a facile method to synthesize responsive NP dimers based on PSCryT 
approach is developed. When , ω-functionalized PCL is used to grow PSCs (Scheme 5.1), 
and when crystallization conditions are carefully controlled, an extended chain 
conformation is formed with both functional groups of one chain located at the opposite 
surfaces of the PSC. One-step coupling of this PSCs with NPs leads to NP dimers with 
PCL as the covalent linkers. Since PCL ends can be readily functionalized, numerous NP 
systems can be used for dimerization. Moreover, the conformational change of the polymer 
linker can directly lead to varied gap distances, which renders interesting responsive 
properties to NP dimers. 
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Scheme 5.1 Synthesis route of nanoparticle dimers via PSCryT method: a. , ω-
difunctionalized PCL with thiol (-SH) or alkoxysilane (-SiOR) terminal groups; b. PCL 
PSCs with functional chain ends covering the lamellae surface; the enlarged scheme 
demonstrates the extended chain conformation within lamellae; c. PCL PSCs after being 
immobilized with nanoparticles; the magnified scheme shows the relative position of 
nanoparticles on opposing lamellae surfaces which were linked by polymer chains in 
crystal; d. nanoparticle dimers with polymeric linker in between after the single crystals 
were dissolved. 
 
 
 Experimental procedure 
5.2.1 Alkoxysilane and thiol functionalization of dihydroxyl-PCL (PCL2k-2OH) 
Alkoxysilane functionalization was performed using (3-
isocyanatopropyl)triethoxysilane. Typically, 150 mg of PCL2k-2OH was dissolved in 6mL 
of anhydrous dichloromethane. To this solution 2.5 μL of dibutyltin dilaurate and 2 mL of 
(3-isocyanatopropyl)triethoxysilane were added consecutively. The reaction proceeded 
under nitrogen for 12 hr, and the solution was added dropwisely into cold hexane to 
precipitate out PCL. The white polymer (PCL2k-2SiOR) was collected via filtration and 
washed thoroughly with hexane before stored in vacuum oven for further reactions. 
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Thiol functionalization of PCL2k-2OH was conducted using 3-mercaptopropionic 
acid using CLAB as catalyst. In a typical reaction, 150 mg PCL2k-2OH was mixed with 2 
mL 3-mercaptopropionic acid and 20 mg CLAB under the protection of nitrogen in a 
Schlenk flask. Before the reaction, the mixed solution was thoroughly degassed via three 
freeze-pump-thaw cycles to prevent oxidation of thiol at elevated temperature. The flask 
was then immersed in an oil bath preheated to 60 oC and the reaction was allowed to 
proceed for 48 hr. After that, thiol-terminated PCL (PCL2k-2SH) were collected by 
precipitating the solution in ice-cold methanol followed by vacuum filtration. The white 
solid was thoroughly washed with methanol and was stored under vacuum at room 
temperature before further experiments. 
5.2.2 Extended-chain single crystal preparation from PCL2k-2SiOR and PCL2k-2SH 
PCL2k-2SiOR and PCL2k-2SH PSCs were also prepared via self-seeding method. 
In this case, Ts was set at 42 
oC and Tc was chosen as 35 
oC to grow single crystals with 
extended polymer chain structure. 
5.2.3 One-step synthesis of nanoparticle dimers 
The overall synthetic approach is summarized in Scheme 5.1. Gold nanoparticles 
(AuNPs) with average diameter round 10 nm and iron oxide nanoparticles (Fe3O4NPs) with 
average diameter around 12 nm were synthesized according to the literature.292, 293 Because 
of these nanoparticle surface can form chemical bond with thiol groups, they were 
immobilized onto PSCs grown from PCL2k-2SH. Typically, after PCL2k-2SH PSCs were 
successfully prepared in 1-butanol, they were firstly transferred to pentyl acetate. After that, 
the suspension was mixed with either AuNPs or Fe3O4NPs solution in toluene for 
chemisorption. The weight ratio between the crystal suspension and nanoparticle solution 
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was kept at 5:1. After immobilization, free particles were removed via multiple 
centrifugations, and the crystals with nanoparticles on the surface (PCL2k-
2SHSC@AuNPs & PCL2k-2SHSC@Fe3O4NPs) were redispersed in pentyl acetate. 
Similarly, IPA-ST SiNPs (diameter of 10-15 nm) were immobilized onto PCL2k-2SiOR 
PSCs dispersed in 1-butanol, and the weight ratio between PSCs dispersion and IPA-ST 
solution was 10:1. The chemisorption process for each PSCs/NPs pair was repeated four 
times to ensure dense coverage on the lamellae surfaces. After the successful attachment 
of NPs, the PSCs were dissolved in toluene, and the NPs were collected via multiple 
centrifugations to remove free polymer. These NPs were then redispersed in toluene for 
further characterizations. 
 Results & discussions 
5.3.1 Growth of extended-chain lamellar single crystals 
Bifunctional, hydroxyl-terminated PCL2k-2OH was used as the model polymer. The 
hydroxyl chain ends of PCL2k-2OH were functionalized with 3-mercaptopropionic acid 
and 3-(triethoxysilyl)propyl isocyanate to yield thiol- or alkoxysilane-terminated PCL. The 
completion of chain functionalization was monitored using NMR (Figure 5.1). The 
resultant PCL2k-2SH and PCL2k-2SiOR were used to grow PSCs in 1-butanol at 35 ˚C 
following a self-seeding method. Figure 5.2 shows AFM images of the two different PSCs 
and the corresponding height profile. The PCL2k-2SH PSC shows a hexagonal shape with 
six distinct facets, while PCL2k-2SiOR PSCs are leaf-like. This morphological difference 
can be attributed to the surface energy difference of single crystals from the polymer end 
functional groups. Nevertheless, both of these crystals have a similar average thickness of 
14 nm according to the AFM height profile. On the basis of lamellar thickness, the PCL 
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unit cell parameters,353 and the degree of polymerization (DP ~ 16 based on NMR results, 
see Figure 5.1), we can conclude that an extended-chain conformation is formed in these 
lamellar crystals, excluding the two functional groups of one single chain onto the opposite 
sides of the crystal surface, as shown in Scheme 5.1. This structure is ideal for the NP dimer 
synthesis because it provides: 1) maximum number of available adsorption sites on the 
lamellar surface, ~ 5.4 groups/nm2; and 2) the highest possibility for coupling two NPs on 
the opposite sides of the crystal. 
 
 
Figure 5.1 1H Nuclear Magnetic Resonance (NMR) spectra of PCL2k-2SH (a), PCL2k-
2SiOR (b) and Au-dimer (c) in CDCl3. *: solvent. 
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Figure 5.2 Tapping-mode Atomic force microscopy (TM-AFM) height images and 
corresponding height profiles of PCL2k-2SH (a) and PCL2k-2SiOR (b) single crystal 
grown from 1-butanol dilute solution at 35 oC. The scale bars are 1μm. 
 
5.3.2 One-step synthesis of nanoparticle dimers via PSCryT 
These functionalized quasi-2D PSCs were then incubated with various NP solutions 
as described in the experimental section. PCL2k-2SH PSCs were used as a model system 
to immobilize Fe3O4NPs, and the obtained “nanosandwich” structure is denoted as PCL2k-
2SHSC@Fe3O4NPs. To achieve a high yield of dimers, dense nanoparticle coverage is 
critical. In this study, four consecutive chemisorption processes were applied and Figure 
5.3a & b shows the PSCs after the fourth attachment. The single crystal surface is densely 
covered with Fe3O4NPs, and the nanoparticle surface coverage is ~ 45.7%. Figure 5.4 
shows the coverage is approximately 11.2% to 39.5% after first to third immobilization. 
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Dissolution of these nanosandwiches directly led to nanoparticle dimers as shown in Figure 
5.3c and Figure 5.4. Inset of Figure 5.3c clearly displays NP dimers that are separated by 
a small gap. Image analysis of low magnification TEM images show that approximately 
48.8% of the NPs are converted to dimers. This relatively high yield is attributed to the 
dense NP coverage. Figure 5.4 reveals that the conversion is approximately 16.8% and 
43.7% after first and third immobilization, respectively. 
 
 
Figure 5.3 Transmission electron microscopy (TEM) images of polymer single crystal 
templated nanoparticle sandwiches and the corresponding nanoparticle dimers. a & b: 
PCL2k-2SHSC@ Fe3O4NPs; c: Fe3O4-dimer nanoparticles; d & e: PCL2k-
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2SHSC@AuNPs; f: Au-dimer nanoparticles; g & h: PCL2k-2SiORSC@SiNPs; i: SiNP-
dimer nanoparticles. Dimer particles in c, f & i are highlighted by black circles. The insets 
in c, f & i are high magnification TEM images of nanoparticle dimers. 
 
 
Figure 5.4 Transmission electron microscopy images of PCL2k-2SHSC@Fe3O4NPs after 
multiple immobilization process and corresponding dimer nanoparticles formed 
immediately after dissolving the nanosandwiches: a & b, first immobilization; c & d, 
second immobilization; e & f, third immobilization; g, illustration of how nanoparticle 
density on single crystal lamellar affects dimer yield. 
 
In addition to Fe3O4NPs, AuNPs have been immobilized on PCL2k-2SH PSCs, and 
the resultant nanosandwiches are denoted as PCL2k-2SHSC@AuNPs. Figure 5.3d-f shows 
PCL2k-2SHSC@AuNPs and the corresponding dimers. By changing the terminal groups 
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of PCL, we can grow PSCs with alkoxysilane surfaces to immobilize SiNPs. Figure 5.3g 
& h shows the PCL2k-2SiORSC@SiNPs nanosandwich, and Figure 5.3i the SiNP dimers. 
Both AuNPs and SiNPs form dense NP layers on the PSC lamellar surface after four 
immobilization processes, and high yield of dimers were obtained, 53.4% and 51%, 
respectively, as shown in Figure 5.3f & i. Furthermore, the nanoparticles in dimers were 
covalently bonded via PCL brushes, depicted in Scheme 5.1. In order to experimentally 
support our model, NMR was used to characterize the surface chemical structure of Au-
dimer nanoparticles. As shown in Figure 5.1c, the presence of PCL is evident by the 
appearance of resonance peak around 4.1 ppm. In the meantime, ruthenium tetraoxide 
(RuO4) was used to stain Au-dimer samples for TEM imaging. Figure 5.5a shows that 
before staining, the dimer has a gap of 2-3 nm. After RuO4 staining however, this gap zone 
becomes darker as shown in Figure 5.5b. This is because that RuO4 preferentially stains 
the PCL domain between AuNPs. Combining this evidence, the conclusion can be drawn 
that PCL chains are indeed the linkers between the nanoparticle dimers. 
 
 
Figure 5.5 High-resolution transmission electron microscopy (HRTEM) images of AuNP-
dimer without staining treatment (a) and with RuO4 staining treatment (b). The white dotted 
circles were used to highlight the edge of AuNPs. 
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5.3.3 Responsive properties of nanoparticle dimers 
One of the advantages of using flexible polymers for linking NP dimers is that 
polymer conformation, correlated to the gap distance between the dimers, can be easily 
adjusted via external stimuli. This phenomenon has been successfully demonstrated using 
DNA sequence as the linker for gold NP dimer synthesis.367, 368 In the present study, to 
demonstrate this concept, we used AuNP dimers as the model system because the Surface 
Plasmon Resonance (SPR) of AuNPs red shifts and broadens upon dimer formation, and 
the effect can be enhanced when the inter-distance between AuNPs is decreased.369-371 
Since the conformation of PCL chains can be tuned in solution by adding a non-solvent, 
simply monitoring the SPR band of the AuNP dimer solution while adding PCL non-
solvent would reveal the polymer chain conformation change. 
Figure 5.6a shows the UV-Vis spectra of the AuNPs and AuNP dimer solutions in 
toluene. Compared with as-synthesized AuNPs, the SPR band of AuNP dimer solution red-
shifts about 6 nm, which can be attributed to both thiol-ligand immobilization on the NP 
surface and the formation of a dimer structure.372 Also, the absorption band of the AuNP-
dimers is noticeably broadened, where the full width at half maximum (FWHM) increased 
from 57 nm to 62 nm, which can be again attributed to the coupling of AuNPs in dimers.373 
Hexane was then gradually added into the dimer solution to trigger the conformational 
change of PCL chains. The UV-Vis spectra (Figure 5.6b) show that when the concentration 
of hexane is increased, the SPR band shifts to higher wavelength and significantly broadens. 
To rule out the effects of refractive index change with hexane addition, a control 
experiment was conducted by monitoring the UV-Vis absorption of AuNPs in the mixed 
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solvent of toluene and hexane as shown in Figure 5.6a. No obvious band shift was found 
even with 50 vol.% hexane concentration, which confirms that the SPR band shift in AuNP 
dimers is induced by the optical properties of the dimers in solution. Inset of Figure 5.6b 
shows that the band position upshifts from 533 to 540 nm while the FWHM increases from 
62 to 69 nm. Moreover, when hexane content is less than 28 vol.%, the red-shift increase 
of SPR band and the FWHM are relatively slow. Further increasing the hexane 
concentration results in a more rapid change. To better understand this behavior, DLS 
experiments were conducted on AuNP dimers in mixed solvent of toluene and hexane as 
shown in Figure 5.7. In pure toluene, AuNP solution shows an average hydrodynamic 
diameter (Dh) of ~ 33 nm for the dimers, and the peak is relative broad, possibly due to a 
small amount of single AuNPs in the solution. As hexane was gradually added into the 
solution, the Dh first decreased to 28 nm when the volume ratio between toluene/hexane 
was 5/2. Further adding hexane increased Dh to 100 nm, which remained constant up to 1:1 
toluene/hexane ratio. The abrupt transition of Dh at 5/2 toluene/hexane ratio is consistent 
with the previous discussed SPR results. 
 
 
Figure 5.6 UV-Vis absorption spectra of: a. as-synthesized AuNPs and dimers in toluene, 
and AuNPs in mixed solvent of toluene (TOL) and hexane (HEX) with different volume 
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ratio; b. gold nanoparticle dimers in pure toluene (dotted line) and mixed solvents with 
different toluene to hexane volume ratio (solid lines, from 10/1 to 1/1 according to the 
arrow direction). The inset of b shows the peak position and full width at half maximum 
(FWHM) of each UV-Vis spectrum with respect with the concentration of hexane in the 
mixed solvent. 
 
The intriguing down-up shifts of the SPR and the DLS results can be attributed to the 
nature of AuNP dimers. Depicted in Scheme 5.1, for each AuNP dimer, the PCL chains 
form the covalent linker between the NP, and the rest of the NP surface is covered by a 
surfactant, didecyldimethylammonium bromide (DDAB). Hexane is a poor solvent for 
PCL but a good solvent for DDAB. Therefore, the addition of a small amount of hexane 
triggers the collapse of PCL, which leads to a decreased Dh and weak red-shift and 
broadening of SPR band, as shown in Figure 5.6 and 5.7. When the concentration of hexane 
is high, dimers start to aggregate to prevent the PCL domains from being exposed to solvent. 
This clustering process thus causes the increase of Dh and a more significant change in the 
UV-Vis spectrum. The insets in Figure 5.7 show two representative TEM images of AuNP 
dimers before and after clustering. It is evident that dimers are observed for samples with 
toluene/hexane ratios of 5:0, 5:1, and 5:2, and when the ratio is changed to 5:3, 5:4 and 5:5, 
clusters with an average size of 100 nm are formed, consistent with the SPR and DLS 
experiments. Our experiments also show that adding toluene into the 5:5 mixed solvent 
leads to a redispersion of the clusters and expansion of the dimer size, indicating that the 
process is reversible. 
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Figure 5.7 Dynamic light scattering (DLS) curves of Au-dimer nanoparticles in mixed 
solvent of toluene (Tol)/hexane (Hex) with different volume ratio. The insets are typical 
TEM images of Au-dimer nanoparticles and clusters formed in solution. 
 
 Conclusions 
In summary, a facile and versatile PSCryT method to synthesize reversibly 
responsive NP dimer assemblies has been developed. Bifunctional PCL is crystallized in 
solution at high temperature to afford extended-chain PSCs, which can be used as templates 
to immobilize various NPs including AuNPs, Fe3O4NPs and SiNPs according to the 
polymer chain end structures. After dense layers of NPs are formed on both sides of the 
lamellar surface, simply dissolve PSCs in solvent can yield NP dimers with high yield 
without further treatment. More interestingly, these nanoparticle dimers are found 
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possessing responsive properties as the flexible polymeric linkers can change their 
conformation according to the solvent quality for dimers. 
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 CHAPTER SIX: CONTROLLED POLYMER BRUSH SYNTHESIS ON FLAT 
SURFACES VIA POLYMER SINGLE CRYSTAL TEMPLATES 
 Introduction 
Due to the quasi-2D structure of PSCs, not only nanoparticles can be conveniently 
adsorbed onto their surfaces, when deposited onto a flat substrate, they can easily cover 
large surface area because of their quasi-2D structure. If semicrystalline polymers with 
functionalized chain ends are used for PSCs preparation, the exposed functional groups on 
lamellae surfaces can react with specific substrates similar to the chemisorption of 
nanoparticles. This provides a unique opportunity for large-scale synthesis of polymer 
brushes with controlled nanostructures. In this chapter, systematic studies on using PSCs 
as solid-state templates for the preparation of polymer brushes on planar substrates were 
conducted as seen in Scheme 6.1. Results show that by tuning the crystallization conditions, 
i.e., MW and Tc, thickness, grafting density and conformation of polymer brushes can be 
conveniently controlled. Compared with traditional methods including grafting-to and 
grafting-from, PSCryT show many significant advantages, making it a novel and promising 
route for polymer brush synthesis. 
 
Scheme 6.1 Illustration of the synthetic route for polymer brushes on a planar solid 
substrate using polymer single crystals (PSCs) as the solid-state templates: (a) synthesis of 
single-tethered polymer brushes (STPBs) using mono-functionalized poly(ε-caprolactone) 
(PCL); (b) preparation of polymer loop brushes (PLBs) using α, ω-functionalized PCL. 
Step 1, 2 & 3 are solution crystallization via a self-seeding method, chemical 
immobilization of PSCs on a solid substrate, and the removal of unbound polymer chains, 
respectively. The integral number folding structure of polymer chains is illustrated in (i-v), 
and n = 4, 2, 1, 5, 3 for i-v, respectively. In the process of (b), oddly folded chain structure 
is required for synthesizing PLBs, as shown by cartoon (iv) & (v). The dotted line on the 
substrates represents the outline of polymer brushes grafted regime templated from 
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hexagonal-shaped PSC, indicating chemical tethering of polymer brushes only happens at 
the interface between PSCs and solid substrates. 
 
 
 Experimental procedure 
6.2.1 Synthesis of PCL with single alkoxysilane terminal group 
Two PCL samples with hydroxyl terminal groups and different degree of 
polymerization (30 and 16, denoted as TEG-PCL30-OH and TEG-PCL16-OH, 
respectively) were firstly synthesized using tetraethylene glycol methyl ether as initiator. 
For the synthesis of TEG-PCL30-OH, 1.545 g CL, 0.2 g initiator and 31 μL tin(II) 2-
ethylhexanoate were mixed in a Schlenk flask until homogeneous. The mixture was 
degassed and refilled with nitrogen 5 times before it was immersed into an oil bath at 110 
oC. After 24 hr, the flask was quenched to room temperature to stop reaction. The mixture 
was then dissolved in dichloromethane and added dropwisely into cold methanol to 
precipitate out polymer. The white solid was collected via filtration and washed thoroughly 
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using methanol before stored in vacuum oven at room temperature. For the synthesis of 
TEG-PCL16-OH, everything else was kept constant while 0.42 g initiator was added 
instead of 0.2 g. 
Alkoxysilane functionalization of TEG-PCL30-OH and TEG-PCL16-OH was 
conducted using (3-isocyanatopropyl)triethoxysilane with dibutyltin dilaurate as catalyst. 
In a typical reaction, 150 mg hydroxyl-teminated PCL was dissolved in 10 mL anhydrous 
dichloromethane. To this solution 0.7 mL (3-isocyanatopropyl)triethoxysilane and 0.85 μL 
dibutyltin dilaurate were added. The reaction proceeded under the protection of nitrogen 
for 12 hr before the functionalized PCL was collected by precipitating the solution into 
cold hexane. The functionalized polymer (TEG-PCL30-SiOR and TEG-PCL16-SiOR) 
were stored under vacuum at room temperature for 24 hr before use. 
1.1.1 Synthesis of α, ω-functionalized functionalized PCL (diPCL-2SiOR & diPCL-2SH) 
First of all, α, ω-hydroxyl terminated PCL (diPCL-2OH) was synthesized using (5-
methoxy-1,3-phenylene)dimethanol as the initiator. To a Schlenk flask 1.545 g of CL (13.5 
mmol), 56.8 mg of (5-methoxy-1,3-phenylene)dimethanol (0.34 mmol) and 14 mg of tin(II) 
2-ethylhexanoate (0.034 mmol) were added. The flask was degassed and refilled with N2 
5 times before brought to 110 oC for polymerization. The reaction was stopped after 24 hr 
and the solid was dissolved in dichloromethane and precipitated in cold methanol. The 
polymer appeared as white powder was collected by filtration and stored under vacuum at 
room temperature for future reaction. 
For the synthesis of diPCL-2SiOR, 100 mg of diPCL-2OH was dissolved in 10 mL 
anhydrous dichloromethane. To this solution 0.5 mL of 3-(triethoxysilyl)propyl isocyanate 
and 0.6 mg of dibutyltin dilaurate was added. The reaction was allowed to proceed at room 
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temperature for 12 hr. After the reaction was stopped, the solution was concentrated using 
rotary evaporator and precipitated into cold methanol. DiPCL-2SiOR was collected via 
filtration and stored under vacuum at room temperature for characterizations and further 
reaction. 
For the synthesis of diPCL-2SH, 100 mg of diPCL-2OH was dissolved in 3 mL 3-
mercaptopropionic acid. The solution was degassed and refilled with N2 three times, and 
20 mg of CALB was added into the solution, followed by two additional degas-refill N2 
cycles. The reaction was carried out at 60 oC for 48 hr before the solution was precipitated 
into cold methanol. DiPCL-2SH was collected by filtration and stored under vacuum at 
room temperature for characterizations and further reactions. 
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Figure 6.1 1H nuclear magnetic resonance (NMR) spectra (a) and gel permeation 
chromatography (GPC) curves (b) of TEG-PCL30-SiOR and TEG-PCL16-SiOR; (c) 
Differential scanning calorimetry (DSC) first cooling and second heating curves of TEG-
PCL30-SiOR; (d) DSC first cooling and second heating curves of TEG-PCL16-SiOR. 
 
 Results & discussions 
6.3.1 Synthesis of dense polymer brushes with precisely tuned grafting density 
In this study, alkoxysilane group was used to functionalize the chain ends in order to 
form chemically tethered polymer brushes on glass substrates. Hydroxyl-terminated PCL 
(PCL-OH) was first synthesized via ring-opening polymerization using tetraethylene 
glycol monomethyl ether as the initiator followed by chain end functionalization using 3-
128 
 
(triethoxysilyl)propyl isocyanate. Figure 6.1 summarizes the proton nuclear magnetic 
resonance (1H NMR) and gel permeation chromatography (GPC) results of the 
functionalized PCL. According to the chain end analysis using NMR, the degree of 
polymerization (DP) of the polymer is approximately 30 (denoted as TEG-PCL30-SiOR), 
while GPC shows the PDI is 1.22. Solution crystallization via self-seeding was then used 
to prepare PSCs following the temperature program as shown in Figure 3.1 and Table 6.1. 
The seeding temperature (Ts) is critical to forming uniform single crystals and in this work, 
Ts was fixed at 42 C, while three different Tc were chosen to prepare PSCs with different 
lamellar thicknesses. Figure 6.2 shows the atomic force microscopy (AFM) images of the 
TEG-PCL30-SiOR single crystals grown following the self-seeding process, and the Tc = 
5 C, 15 C and 35 C, respectively. In all of the three cases, hexagonal shaped single 
crystals have been obtained. The shape slightly varies and the aspect ratio of the crystal 
changes from 2/1 to 3/1 and 5/1 as the Tc increases from 5 to 15 and 35 C. The increased 
aspect ratio is due to the change of the relative growth rates of each crystal planes as the Tc 
increases.374-376 More interestingly, height analysis of the AFM images shows the lamellar 
thickness of these PSCs is 5.5 nm, 9 nm and 12 nm, respectively, which is due to the 
different undercooling during the crystallization process.275 PCL has an orthorhombic unit 
cell, with a = 0.747 nm, b = 0.498 nm, and c = 1.705 nm, space group of P212121 and a 
molecular helix of 7×21.
353 Calculation based on this unit cell structure of PCL and the DP 
suggests that the polymer chains fold 4, 2 and 1 times for the three crystals, respectively 
(schematics at the bottom of Figure 6.2a-c). Since all the polymer chains adopt integral 
folding number, their alkoxysilane chain ends should be exclusively exposed on the 
lamellar surfaces, and can then serve as reaction sites for the following immobilization 
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reaction. Based on the chain folding structure of each crystal lamella, the areal density of 
alkoxysilane on one lamellar surface can be calculated to be 0.53 -SiOR/nm2, 0.89 -
SiOR/nm2, and 1.33 -SiOR/nm2, respectively. If we assume all the alkoxysilane groups on 
one side of the lamellae can be chemically immobilized onto a glass substrate, these 
numbers are then the theoretical grafting density of as-prepared polymer brushes. 
 
Table 6.1 Summary of the combination of seeding temperature (Ts) and crystallization 
temperature (Tc) for individual PCL sample used in this study. 
Polymer Ts (oC) Tc (oC) 
TEG-PCL30-SiOR 42 
5 
15 
35 
TEG-PCL16-SiOR 39 30 
diPCL-2SiOR 41.5 
5 
35 
diPCL-2SH 43 35 
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Figure 6.2 Tapping-mode Atomic Force Microscopy (TM-AFM) height images of TEG-
PCL30-SiOR single crystals grown in dilute 1-butanol solution at 5 C (a), 15 C (b), 35 
C (c) and TEG-PCL16-SiOR single crystals grown at 30 C (d). The inset curves show 
the height profile of corresponding crystal lamellae, and the schematics illustrate the chain 
folding behavior. Folding numbers are 4, 2, 1, 0 for (a-d) respectively. (e-g) and (i-k) are 
the corresponding PCL brushes prepared from TEG-PCL30-SiOR single crystal templates 
before (e-g) and after (i-k) thermal annealing. (h) and (l) are PCL brushes prepared from 
TEG-PCL16-SiOR single crystal templates before (h) and after (l) annealing. The scale 
bars are 1 µm. 
 
The above mentioned PCL single crystals were spincoated onto a glass substrate, 
ammonia was then applied to catalyze the solid-state reaction between silanol groups on 
glass surface and the exposed alkoxysilane groups on the crystal lamellae. After 20 min of 
reaction, polymer-coated slides were thoroughly washed with acetone in order to remove 
unbound polymer chains. The as-prepared polymer brushes were then characterized using 
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AFM as shown in Figure 6.2e-g. It can be noticed that the polymer brushes covered domain 
retains the original hexagonal shape of the PSCs. Height analysis of the as-prepared 
polymer brush domains indicates the thickness significantly decreases compared with 
corresponding single crystal lamellae. This is because during solution crystallization, 
polymer chain ends are randomly exposed on the two surfaces of the 2D PSC (schematics 
in Figure 6.2a-c). If all the alkoxysilane chain ends on one side of the lamella were 
successfully coupled with the substrate, we then anticipate a decrease of the coating 
thickness to 50% of the original value. The experimental results show a slightly greater 
decrease, which can be attributed to the unreacted chain ends during immobilization ― 
when PSCs were deposited onto a substrate, because of the surface roughness of the PSCs, 
not all the alkoxysilane chain ends can have intimate contact with the substrate to ensure a 
successful coupling. 
 
 
Figure 6.3 Correlation of the grafting density of the polymer brushes, grafting efficiency 
and the fold number in polymer single crystals. 
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Grafting density of the PCL brush samples prepared using different PSC templates 
can be calculated using the following equation: 
 
σ =
𝜌 × ℎ × 𝑁𝐴
𝑀𝑊
 
6.1 
where ρ is the polymer density,  is the grafting density, h is the polymer brush layer height, 
MW is the molecular weight, and NA is the Avogadro’s number. Because the thickness 
measured using as-prepared PCL brushes can be inaccurate due to the possible 
“constrained dewetting” which could result in inhomogeneous coating during the 
evaporation of acetone after the washing process,112, 377 thermal annealing of the as-
prepared polymer brush samples was performed overnight at 35 C. This is the onset 
temperature of TEG-PCL30-SiOR crystallization according to the differential scanning 
calorimetry (DSC) thermogram (Figure 6.1c), annealing at this temperature leads to the 
crystallization of the PCL brushes, which eventually removes excessive free volume in the 
polymer brush coating, hence more precise brush density calculation. The height images 
obtained from AFM of these annealed samples are summarized in Figure 6.2i-k. Compared 
with as-prepared polymer brushes, morphology of the polymer brush retained, while the 
thickness of annealed polymer brushes slightly decreased with a smoother surface 
according to image analysis results summarized in Table 6.2. Calculation of polymer brush 
grafting density was then performed based on the annealed sample thickness, which yields 
the grafting densities of 0.44, 0.65, and 0.94 chain/nm2. Figure 6.3 shows the linear 
correlation of the grafting density with the chain folding number n in the PSCs. The results 
therefore demonstrate the capability of precise control over the grafting density of the 
polymer brushes formed by a give polymer using the PSCryT method. Note that the 
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polymer chain grafting density calculated from AFM characterizations are found slightly 
smaller than the grafting density of -SiOR groups on the single crystals, which is likely due 
to the reaction efficiency issue during solid-state coupling between single crystal lamellae 
and glass substrates. We can define the coupling efficiency (f) as the ratio between the 
experimental and theoretical grafting densities. For PSCs with three thicknesses, the f can 
be found to be 0.71, 0.73, and 0.78, respectively. 
 
Table 6.2 Thickness, surface roughness and corresponding grafting density (σ) of polymer 
brushes templated from PSCs grown at various crystallization temperature. 
Polymer 
Tc 
(oC) 
hcrystal
a 
(nm) 
hbrush
b 
(nm) 
Rq
c 
(nm) 
hbrush
d 
(nm) 
Rq
e
 
(nm) 
σtheoryf 
(/nm2) 
σrealg 
(/nm2) 
TEG-PCL30-SiOR 
5 5.5 2.8 0.36 2.2 0.18 0.53 0.44 
15 9 3.9 0.38 3.2 0.29 0.89 0.65 
35 12 5.4 0.34 4.6 0.23 1.33 0.94 
TEG-PCL16-SiOR 30 14 6.6 0.42 5.6 0.28 2.67 2.12 
a. Thickness of single crystal lamellae measured using AFM. 
b. As-prepared polymer brush thickness measured using AFM. 
c. Root-mean-square (RMS) average of height deviations of polymer brushes covered 
regime obtained from AFM images of as-prepared polymer brushes. 
d. Polymer brush thickness after thermal annealing obtained from AFM. 
e. Root-mean-square (RMS) average of height deviations of polymer brushes covered 
regime obtained from AFM images of polymer brushes after thermal annealing. 
f. Theoretical grafting density of polymer brushes assuming all alkoxysilane chain ends in 
contact with the substrate were coupled with the glass surface. 
g. Calculated grafting density of polymer brushes using eq. (1) based on experimental 
results. 
 
Polymer brushes with a grafting density greater than 1 chain/nm2 represent extremely 
dense brushes, and have been rarely reported even using the grafting-from approach.69, 71, 
76, 378 Our previous discussion and Figure 6.3 suggest that if extended-chain single crystals 
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(n = 0) prepared from mono-functionalized PCL can be used as templates in the PSCryT 
synthesis, the grafting density can be further increased. To test this hypothesis, single 
crystals from PCL with DP of 16 (TEG-PCL16-SiOR, see supporting information for 
characterizations of its chemical structure) was prepared via the self-seeding method at 
Tc=30 C. As shown in Figure 6.2d, the obtained lamellar thickness is approximately 14 
nm, which confirms that extended-chain structure has been achieved. In this case, the 
surface density of alkoxysilane groups on one side of the lamellar surface is 2.67 -
SiOR/nm2, which in theory is the highest for symmetric mono-functionalized PCL crystals. 
Using the same ammonia catalyzed solid-state coupling reaction, the polymer brushes were 
successfully prepared and studied using AFM. As seen in Figure 6.2h, the as-prepared 
brush domain has a thickness of ~ 6.6 nm, which decreased to 5.6 nm after thermal 
annealing at 35 C (Figure 6.2l). The grafting density of the polymer brushes can therefore 
be estimated to be ~ 2.12 chains/nm2 using eq. 6.1. Compared with other studies on the 
synthesis of polymer brushes on planar surfaces using either grafting-to or grafting-from 
methods, the grafting density of polymer brushes prepared using our PSCryT method can 
reach a considerably higher value. 
PSCs can be conveniently dropcasted onto a glass substrate to prepare a uniform, 
large scale coated surface. As an example, TEG-PCL30-SiOR PSCs grown at 15 C were 
dropcasted onto a 5 mm × 5 mm glass slides. After the residual solvent was evaporated, 
similar solid-state coupling reaction was conducted to form chemically bounded polymer 
brushes on the glass slide. Over ten random areas from the substrate were subject to phase-
contrast optical microscopy imaging, and a typical graph is shown in Figure 6.4a. Nearly 
100% of the surface is covered with polymer brushes within this large area (scale bar 50 
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m). Furthermore, AFM characterizations were also applied to study the nanostructures of 
polymer brushes prepared herein as shown in Figure 6.4b. It can be clearly seen that the 
polymer brushes covered area is homogeneous with a surface roughness similar to those 
prepared using isolated PSCs as templates summarized in Table 6.2. The phase contrast 
microscopy and AFM experiments demonstrate that our PSCryT method can be used for 
functionalizing a macroscale surface with a uniform coverage. Of interest is that no obvious 
“grain boundaries” between PSCs were observed in AFM images. When casting PSCs onto 
a solid substrate, one expects that due to the defined shape/sizes, regions between adjacent 
PSCs might not be coated with brushes as shown in Figure 6.4c. The observed uniform 
coating of the PSCs can be explained by chain sliding within PSCs.374-376 Due to the weak 
van der Waals force between adjacent chains in the PSC, it is relatively easy for chains to 
slide among each other.379 As shown in Figure 6.4d & e, as stacking occurs, the polymer 
chains of the top lamella slide down due to the gravitational/capillary force during sample 
preparation, and fill in the bottom areas. This chain sliding apparently accounts for filling 
of the otherwise “empty” surface due to lamella stacking; it leads to the formation of 
uniform and dense polymer brushes in PSCryT synthesis. 
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Figure 6.4 (a) Phase-contrast optical microscopy image of polymer brush-coated glass 
surface prepared from the PSCryT method using TEG-PCL30-SiOR single crystal grown 
at 15 C. Large surface grafting can be achieved with small amount of unmodified area 
showing relatively lighter color compared with brushes covered regime; (b) 3D height 
images of a 10 × 10 μm AFM scan randomly picked from image a; (c) AFM height image 
shows the stacking of two TEG-PCL30-SiOR PSCs prepared at 15 C. The inset of c shows 
the height profile of the crystal lamellae, and the sudden change (instead of gradual 
decrease) in height at the edge of overlapped area (highlighted with yellow lines) indicates 
chain sliding. (d) 3D height image of (c); (e) Schematic illustration of the chain sliding 
when two PSC lamellae stack with each other when deposited onto a solid substrate. The 
scale bar in a is 50 µm, and the scale bar in c is 1 µm. 
 
6.3.2 Control over polymer brush conformation: PLBs vs. STPBs 
Another important polymer conformation on substrate is polymer loop brushes 
(PLBs), where the polymer chain is tethered via both chain ends. The chain conformation, 
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surface dynamics, friction and mechanical response of PLBs are found quite different 
compared with their single-tethered polymer brushes (STPBs) counterparts.83-88, 380-385 
Detailed experimental studies on these materials however have been quite limited due to 
the lack of efficient approach towards uniform PLBs coating with precisely controlled ring 
size, molecular weights and high grafting density. Up till now, only solution-based 
physisorption of triblock terpolymer116, 386-388 and grafting-to of telechelic polymers389-392 
have been successfully applied for the synthesis of PLBs on flat surfaces, yet it’s 
challenging to precisely control final brush structures and grafting density. Reversible 
addition-fragmentation chain transfer polymerization has been used to synthesize 
poly(methylacrylate) loops on silica nanoparticle; chain branching of the brushes was 
noticed due to the close proximity of growing radicals.393 Our PSCryT method can also be 
used to synthesize PLBs with well controlled anchoring points and high grafting density. 
To this end, α, ω-alkoxysilane-terminated telechelic PCL (diPCL-2SiOR) was used for 
PSC preparation. The chemical structure of these polymers were systematically studied 
using NMR and GPC as shown in Figure 6.5, which confirmed the average DP of these 
PCL was 56, while the PDI was approximately 1.3. When the telechelic polymer chain 
folds odd-number times in the crystal lamellae, both chain ends are exposed onto the same 
side of lamellar surfaces as illustrated in Scheme 6.1b. After depositing such PSCs onto a 
solid substrate, coupling chain ends to the solid substrate would lead to PLBs. In our 
experiment, the lamellar thickness of the single crystals was adjusted by changing the Tc 
as shown in Figures 6.6a & b. When PCL was crystallized at 5 C, the obtained lamellae 
thickness was 8.5 nm, which increased to 12 nm when crystallized at 35 C. These two 
lamellar thicknesses correspond to 5 and 3 times chain folding, respectively. Odd-number 
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chain folding structures were then successfully achieved. Using the similar solid-state 
grafting-to method, polymer brushes were successfully obtained. Figure 6.6 summarizes 
the AFM height images of the as-prepared polymer brushes templated from PSCs grown 
at 5 C and 35 C. Similar with the STPBs templated from PCL-SiOR PSCs, polymer 
brushes domain herein also retained the same shape of crystal templates, and the as-
prepared polymer brushes templated from diPCL-2SiOR PSCs prepared at 5 C is about 
4.8 nm in thickness, while the ones using PSCs grown at 35 C show a dry thickness of 
around 5.6 nm. 
 
 
Figure 6.5 1H nuclear magnetic resonance spectra (a & b) and gel permeation 
chromatography curves (c) of diPCL-2SiOR and diPCL-2SH used for polymer brush 
synthesis; (d) Differential scanning calorimetry (DSC) first cooling and second heating 
curves of diPCL-2SiOR. The DP of both polymers is around 56, and PDI about 1.3. 
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In order to further confirm polymer brushes prepared herein were indeed loops, a 
control experiment was designed using PSCs of dithiol functionalized PCL (diPCL-2SH, 
DP ~ 56 as calculated from NMR, see Figure 6.5) grown at 35 C as the polymer brush 
templates. As seen in Figure 6.7a, the thickness of crystal lamellae is the same with diPCL-
2SiOR PSCs prepared at 35 C, which confirms the identical chain folding morphology 
within these two crystal lamellae (three-time-fold). In this case, polymer brushes prepared 
from these templates should have exact the same morphology with those prepared from 
diPCL-2SiOR. Polymer brushes were then grafted on a gold substrate using diPCL-2SH 
PSCs as templates via Au-S bonds which formed readily under ambient condition followed 
by the removal of unbound polymer chains, and the successful immobilization of PCL 
brushes was confirmed using high-resolution C1s X-ray photoelectron spectroscopy (XPS) 
spectrum as shown in Figure 6.7b. The deconvolution of the signal clearly shows three 
different components with binding energies at about 284.6, 286.2 and 288.7 eV, attributed 
to the C-H, C-O and O=C-O species, respectively.394 The area ratio of [C-H]:[C-O]:[O=C-
O] is around 73:14:13, which is in good agreement with the theoretical value of 5:1:1 for 
the PCL structure.395 
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Figure 6.6 Tapping-mode atomic force microscopy (AFM) height images of polymer single 
crystals prepared from diPCL-2SiOR at 5 C (a) and 35 C (b). The inset curves show the 
corresponding height profile of crystal lamellae, and the schematics illustrate the oddly 
folded chain conformation (n = 3, 5). (c-f) the corresponding PLBs prepared from 
difunctionalized PCL before (c & d) and after (e & f) annealing. The cartoons illustrate the 
polymer loops with different grafting density. The scale bars are 1 μm. 
 
High-resolution S2p XPS spectra were then employed to investigate the formation of 
chemical bonds between polymer chain ends and Au substrates in order to confirm whether 
these polymer brushes were singly or doubly tethered following previously published 
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method.390 The chemical structures of the tethering sites of as-prepared polymer brushes 
were first examined as shown in the first spectrum of Figure 6.7c with clear peaks of the 
162/163.1 eV S2p spin-orbital pair (S2p, 3/2, 1/2) which are attributed to the Au-S bond 
formation, demonstrating successful chemical tethering of polymer brushes. Moreover, no 
free thiol binding energy signals at 163.5/164.8 eV can be observed, which suggests all 
thiol groups at the polymer chain ends are chemically bounded, confirming the loop 
structured brushes. This can be further supported by oxidizing the polymer brushes under 
ambient condition, and the spectrum after oxidation shown in the second spectrum of 
Figure 6.7c doesn’t exhibit any noticeable signals from oxidized thiol. A control sample 
prepared by skipping the washing process after immobilization of diPCL-2SH PSCs on Au 
substrate was subject to the same oxidation procedure, and the S2p HR-XPS spectrum of 
this sample is shown in the bottom spectrum of Figure 6.7c. As clearly demonstrated that 
other than similar thiolated sulfur signal, strong peaks attributed to sulfonic acid moieties 
originated from oxidized unbound thiol groups with binding energy of 169.1/170.3 eV (S2p, 
3/2, 1/2) clearly exist in the curve. Based on these results, the PCL brushes prepared herein 
had all the chain ends being chemically tethered, hence forming loop conformation (PLBs). 
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Figure 6.7 (a) AFM height image of single crystal grown from diPCL-2SH at 35 C. The 
inset curve shows the height profile of crystal lamellae along the dotted line, and the 
cartoon illustrates the three-time chain folding morphology of PCL molecule perpendicular 
to lamellae surface. The red solid spheres represent exposed thiol chain ends. The scale bar 
is 1 µm. (b) C1s high-resolution X-ray Photoelectron Spectroscopy (HR-XPS) spectrum 
and its deconvolution results of PCL brushes on Au substrate templated from diPCL-2SH 
PSCs crystallized at 35 oC; (c) S2p HR-XPS spectra and corresponding deconvolution 
results. From top to bottom: as-prepared PCL PLBs, PCL loop brushes after oxidation, and 
diPCL-2SH PSCs on Au substrate after oxidation. The insets illustrate the chemical 
structures of different sulfur species existed in polymer brushes and PSCs. 
 
Calculation of the grafting density of PLBs templated from diPCL-2SiOR PSCs is 
again performed based on the dry thickness obtained from AFM imaging using eq. 6.. 
Thermal annealing at 35 C was also conducted in order to remove free volume within 
brush layers, and the series of AFM images are summarized in Figure 6.6. Similar effects 
on the thickness of polymer brushes and the surface roughness can be observed compared 
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with STPBs described in previous context. Based on the annealed layer thickness the 
grafting density σ can be calculated as 0.35 loops/nm2 and 0.53 loops/nm2 for PLBs 
templated from PSCs grown at 5 C and 35 C, respectively. Meanwhile, since two 
tethering points are required to make a single loop brushes, the grafting density of effective 
tethering points is 0.7 tethering points/nm2 and 1.06 tethering points/nm2, respectively. 
Compared with other preparation methods reported in the literatures,386, 396 the grafting 
density of PLBs obtained herein has been greatly improved. 
The reported method herein is a fundamentally new approach to synthesize polymer 
brushes. The key of this new strategy is pre-assembling polymer chains into a 2D sheet. 
This process leads to the guided assembly of the end functional groups of the polymer 
chain into a 2D pattern with a controlled areal density. Subsequent coupling the pre-
assembled sheet therefore leads to well defined polymer brushes. Advantages of this 
method include: (1) Grafting densities of the polymer bushes can be easily controlled by 
PSC chain folding; (2) Unprecedented high grafting densities of 2.12 chains/nm2 can be 
achieved; (3) PLBs can be easily synthesized and the PLBs also have well defined structure, 
controlled grafting densities; (4) The tethering points of the polymer brushes are controlled 
by chain folding in the PSCs, and therefore their locations on the substrates are also 
precisely controlled. For example, in the case of PLB, if we assume the chain folding 
direction in PCL is typically (200) or (110), 3-fold conformation dictates the chain end-to-
end distance to be 1.12 nm, and 1.24 nm. Similarly, 5-fold conformation leads to the chain 
end distance of 1.87 nm and 2.07 nm. The tethering point of the PLB can therefore be 
precisely controlled. Note that since the pre-assembly process is required for the polymer 
brushes synthesis, it is limited to crystalline polymers. Nevertheless, we envisage that block 
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copolymers containing one crystalline segment can be applied to synthesize noncrystalline 
polymer brushes. More detailed work will be reported in the near future. 
 Conclusions 
In this chapter, PSCryT method has been applied to synthesize polymer bushes on 
flat surfaces. End-functionalized PCL has been pre-assembled into 2D single crystal sheets, 
chemical coupling of which with solid substrates led to polymer bushes. For a given 
molecular weight, by changing the crystallization temperature, the chain folding structures 
can be precisely controlled, which eventually can be used for tuning grafting density of the 
subsequent polymer brushes. Polymer brushes with a grafting density as high as 2.12 
chains/nm2 have been achieved. Moreover, we have demonstrated that by using oddly 
folded PSCs with bi-functianlized chain end, PLBs with controlled tethering points, and 
grafting densities can be synthesized. This method therefore provides a new pathway to 
synthesizing polymer brushes, particularly super dense polymer brushes, with controlled 
architecture and grafting density. 
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 CHAPTER SEVEN: ENHANCED SURFACE ADHESION INDUCED BY 
VELCRO-LIKE ENTANGLEMENT IN POLYMER LOOP BRUSHES 
 Introduction 
Biological adhesive surfaces are crucial for many living creatures on earth such as 
bacteria, marine mussel, sea cucumber, spider, etc. Compared with artificial adhesive 
materials, their naturally evolved functionality is advantageous in many aspects including 
strength, durability and versatility.397 During the past few decades, many efforts have been 
dedicated to investigating their adhesion mechanism and mimicking these structures for 
the development of advanced materials.398-404 Among these contributions, Velcro tape, 
inspired by the “loop-hook” entanglement of burdock burrs, has evolved as one of the most 
successful biomimetic adhesive material because of the extremely high efficiency in the 
formation of adhesive junction and their excellent performance.405, 406 Miniaturization of 
such loop-hook fastener down to nanometer scale can potentially further improve the 
adhesion strength as it could result in much higher density in their physical entanglement. 
This Velcro-like interaction at molecular scale has already been found in many biological 
processes requiring strong adhesive performance including cell aggregation, antigen 
recognition and mitosis.407-409 To mimic this behavior, several approaches based on 
supermolecular recognition between ferrocene and macrocyclic molecules have been 
proposed and the resulted adhesion behavior outperforms many commercial adhesives 
while fascinating functionalities such as reversibility and responsiveness are achieved in 
their systems.410, 411 Although these studies have successfully demonstrated the feasibility 
of molecular Velcro devices, the adhesive performance strongly depends on multivalent 
pairing of guest-host interaction due to the weak bonding for individual pair. As 
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demonstrated in their studies, reduction of supermolecular pairs’ number significantly 
decreased adhesion energy, while mechanical breaking of these interactions would also 
result in permanent loss of partial adhesion force. 
An alternative method for the construction of molecular Velcro is thus proposed in 
this chapter based on physical entanglement between polymer loops and free dangling 
polymer chain. To demonstrate the improved adhesion property of PLBs compared with 
STPBs, AFM-based force spectroscopy using polymer chain-grafted AFM probes was first 
employed to investigate the interaction between the dangling chain on the tip and polymer 
brushes. Statistical analysis of the adhesion performance obtained from these experiments 
show significantly strengthened adhesion between AFM probes and PLBs compared with 
STPBs, which can only be attributed to the formation of molecular Velcro interactions 
between dangling chain end with loops. The strong interactions between loops and polymer 
chains brought great potential in the preparation of adhesive surfaces using PLBs as 
functionalization agent. As a proof of concept, a series of shear adhesion tests were 
performed using polymer brushes grafted glass substrates sandwiched PCL film as a model 
system. In this case, free polymer chains at the interface between polymer film and glass 
substrates can interact with grafted brushes similar to the AFM-FS measurements. It is 
found that when a glass surface is modified with PLBs, much stronger adhesion can be 
obtained compared with those modified with STPBs and bare surface, which can be mainly 
attributed to stronger entanglement induced by Velcro-like behavior between polymer film 
surfaces and loops. 
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 Experimental procedures 
7.2.1 AFM probe surface functionalization 
PCL38k-OH purchased from Polymer Source, Inc. was used for AFM probe 
functionalization following reported method.412 As received probes (SNL-10, k ~ 0.24 N/m, 
Bruker, Camarillo, CA) were firstly cleaned using hot piranha solution to remove organic 
contaminant, then the tips were modified by immersing in a 2 mL solution of 2-
aminoethanol hydrochloride in dry dimethylsulfoxide (DMSO) (5.7 M) with 4 Å molecular 
sieves for 16 hr. After that, the cantilevers were rinsed with dry DMSO, transferred into a 
0.04 M p-phenylene-diisocyanate solution in dry DMSO and left to react for 20 min. The 
cantilevers were rinsed again with dry DMSO and transferred to the final solution of 1.5 
mg/mL PCL38k-OH in dry DMSO and left for 2 hr at 50 
oC. After that the cantilevers were 
rinsed subsequently with dry DMSO, dichloromethane and ethanol, dried under nitrogen, 
and stored in a gel pack until use. 
7.2.2 Force spectroscopy measurements and analysis 
The functionalized probe was programmed to approach to, indent and then retract 
from the sample at a constant z-piezo displacement rate (500 nm/s, approximately equals 
the indentation depth rate) up to a given maximum indentation force. Before retraction, a 
surface delay time (td=0 or 10 s) was applied to allow further interaction between AFM 
probe and brush samples. For each tip and sample combination, at least 10 locations were 
picked up randomly and tested to give over 800 force curves. For each curve from a 
location, the cantilever deflection (in volts) and z-piezo displacement (in μm) were 
converted to an indentation force (in nN) and distance (in nm) through calibrating the 
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cantilever deflection sensitivity (nm/V) by indenting on a hard mica substrate and a spring 
constant (nN/nm) via thermal vibration. 
The unloading portion of the curve at each location was noise filtered and baseline 
corrected. Then the curves were hand-picked to identify the existence of adhesion force 
and also to categorize. For each curve, the effective contact point of the retract curve was 
determined as the last point with force larger than 3 times the standard deviation of the flat 
part of the curve. Then the maximum adhesion force was determined as the absolute value 
of the adhesion force from the retract curve. The corresponding distance was determined 
as the distance between the minimum force point and the effective contact point. 
7.2.3 Shear adhesion strength measurements 
Shear adhesion measurements were performed on a home-made equipment as shown 
in Scheme 7.1. Three series of parallel experiments using bare glass, STPBs grafted glass 
and PLBs grafted glass were conducted. To prepare a pair of sample, a PCL film (MW ~ 
80k g/mol) with thickness around 200 μm was sandwiched between two glass slides with 
identical functional surface coating. The glass slides were press together on a hot stage at 
80 oC using a 500 g weight for 30 min or overnight. The shear adhesion measurements 
were performed at both room temperature, and the adhesion strength for each substrate-
PCL film combination was calculated by dividing the load (N) corresponding to the 
breaking points by adhesion area (m2). To understand the failure mechanism of each 
sample combination, SEM was applied to examine the fracture surfaces after the two 
opposing glass slides were pulled apart. 
 
Scheme 7.1 Illustration of the shear adhesion measurement device. PCL film prepared from 
PCL with MW ~ 80k g/mol is sandwiched between two bare glass slides or functionalized 
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glass slides with identical grafted polymer brushes. (a), (b) & (c) illustrate the interactions 
at film/glass interfaces between loop brushes and PCL chains (a), STPBs and PCL chains 
(b), and bare glass surface with PCL chains (c). 
 
 
 Results & discussions 
7.3.1 AFM-based force spectroscopy measurement 
The adhesive properties of PLBs are studied using AFM-based force spectroscopy 
(AFM-FS) by bringing a polymer chain functionalized AFM probe to the sample surface. 
Upon contact, the free polymer chain end and polymer brushes form physical interactions, 
which would result in adhesion while AFM probe is retracted. This adhesive behavior is 
systematically evaluated to demonstrate the construction of molecular Velcro using 
polymer chain grafted on the AFM probe surface as “hook”. To simplify our study, only 
PLBs templated from diPCL-2SiOR PSCs grown at 5 oC were used for force spectroscopy 
measurements. Pyramid-shaped AFM probes were chemically functionalized using 
PCL38k-OH, and the successful attachment of polymer chain on the tip is confirmed by 
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measuring the adhesion between AFM probe and freshly cleaved mica surface in toluene. 
Due to the large MW of attached polymer on the probe and the small area of tip surface, it 
can be considered that only one polymer chain was grafted per AFM probe.412 Furthermore, 
as shown in Figure 7.1, the typical retraction curve from the F-D curve of functional probe 
on mica surface clearly demonstrate extension and rupture of adsorbed polymer chain on 
mica surface, and the unique curve shape is due to typical entropic elasticity of polymeric 
linker in this system.413 The single peak also strongly supports that only one polymer chain 
was grafted onto the probe surface. 
 
 
Figure 7.1 Representative force-distance (F-D) curve (during retraction) showing 
desorption of single polymer chain on functional AFM probe from mica surface. The inset 
illustrates the physical interaction between polymer chain and substrate. 
 
In order to investigate the influences of polymer brush conformation while 
eliminating the effects brought by surface chemistry induced specific interactions on 
adhesion performance, STPBs templated from PSCs grown from Ph-PCL-SiOR with half 
of the MW of diPCL-2SiOR (Figure 7.2a & b) were prepared via PSCryT approach. The 
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PSCs were grown using the similar self-seeding method in 1-butanol with Ts=42 
oC and 
Tc=5 
oC, and the AFM image of Ph-PCL-SiOR PSCs is shown in Figure 7.2c. The height 
profile of these PSCs indicates that each polymer chain folds twice within crystal lamellae 
with alkoxysilane chain end extruding out of the surface.353 This specific chain folding 
structure ensures the preparation of STPBs with MW half of the PLBs counterpart and 
similar grafting density of PLBs templated from diPCL-2SiOR PSCs crystallized at 5 oC, 
which was confirmed by AFM characterizations summarized in Figure 7.2d & e. Using 
similar method, the grafting density of STPBs prepared here as control sample is calculated 
around 0.72 /nm2, which is close to the surface density of tethering points of PLBs prepared 
previously. 
 
 
Figure 7.2 1H nuclear magnetic resonance (1H NMR) spectrum (a) and gel permeation 
chromatography (GPC) curve (b) of Ph-PCL-SiOR. The DP of the polymer is around 28, 
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while the PDI is 1.2. (c). Tapping-mode atomic force microscopy (TM-AFM) height image 
of Ph-PCL-SiOR single crystal grown at 5 oC. The cartoon beneath illustrates the chain 
folding structure within crystal lamellae; (d). TM-AFM height image of as-prepared PCL 
brushes templated from Ph-PCL-SiOR single crystals; (d) TM-AFM height image of above 
PCL brushes after thermal annealing at 35 oC for overnight. The scale bars are 2 μm. 
 
Both of the PLBs and STPBs samples were then subject to AFM-FS measurements 
under identical experimental conditions. As described in the experimental section, two sets 
of measurements with two fixed surface dwelling time (0 s or 10 s) were performed on 
both samples, and the results were used for comparison as discussed below. First of all, if 
no surface dwelling was applied, there are 25.2% in overall F-D curves exhibit adhesion 
with PLBs sample, and 24.2% for STPBs sample. In all the retraction curves that 
experience adhesion behavior, only nonlinear force-extension events are presented, 
confirming the segmental physical interlock between polymer chain and brushes, which is 
a typical adhesion mechanism between polymer chain on AFM probe and densely grafted 
polymer brushes in good solvent.414 The mean adhesion forces measured in both STPBs 
and PLBs samples are similarly small (~ 130 pN) as shown in the histogram of Figure 7.3, 
indicating the adhesion between grafted PCL chain on AFM tip surface and polymer 
brushes are majorly resulted from weak van del Waals interactions. However, it is 
noteworthy that in PLBs sample, about 0.92% of the adhesion curves show maximum force 
that is significantly larger than the mean value as depicted in Figure 7.3e. This obvious 
deviation suggests a new adhesion mechanism between PLBs and PCL chain on AFM tip 
much stronger than non-specific van del Waals interaction is adopted, which however is 
not accessible with STPBs under identical conditions. Interestingly, the force magnitude in 
these scenario is found quite close to the reported Si-C chemical bond rupture force 
obtained using AFM-based FS measurements,415-417 indicating that potentially strong 
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entanglement between polymer chain and loops could break single chemical bond. 
Obviously, this strong physical interaction is due to the unique conformation of loops 
which can form nano-sized Velcro-like entanglement with grafted PCL chain on AFM 
probe. Once the specific entanglement is formed, breaking of such joint would require 
significant amount of energy as demonstrated in earlier literatures of using molecular 
Velcros constructed by free dangling chains and loops to improve mechanical integrity of 
both homo- and co-polymers.385, 418-420 
 
 
Figure 7.3 Histogram of adhesion force obtained from force spectroscopy measurements 
using PCL functionalized AFM probe on PCL STPBs templated from Ph-PCL-SiOR PSCs 
grown at 5 oC (a) and PCL PLBs templated from diPCL-2SiOR PSCs grown at 5 oC (b) 
with 0 s surface dwelling. (c-e) Representative F-D curves obtained from identical force 
spectroscopy measurements showing weak van del Waals interactions between grafted 
PCL chain on AFM tip surface and STPBs (c), PLBs (d), and strong entanglement 
formation between grafted PCL chain and PLBs (d). The cartoon on the left side of each 
curve illustrates the formation of physical interlock between polymer brushes and polymer 
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chain on AFM probe which results in corresponding extension and rupture. The black dots 
in each cartoon indicates the weak interlock position, while the red dot in (e) indicates the 
position where strong entanglement was formed. 
 
The histogram of rupture distance from the polymer brush sample surface for both 
STPBs and PLBs are also plotted in Figure 7.4. Considering the contour length of polymers 
used herein (49 nm for diPCL-2SiOR with DP ~ 56, 24.5 nm for Ph-PCL-SiOR with DP ~ 
28, and 333 nm for PCL38k-OH),
421 the interlock between polymer chain and polymer 
brushes almost exclusively happens at segments very close to AFM probe surface, and the 
probability of chain end interactions with polymer brushes is extremely small. This can be 
explained that when the functional probe is pushed into polymer brush layers, the polymer 
chain on tip surface adopts random coiled conformation when interacting with the 
boundary area of polymer brushes. During this process, only the segments close to tethering 
point on AFM tip surface of the grafted PCL chain would interlock with the brushes, while 
the free tail is either pushed away or embedded inside the coil. Since the probe was 
designed to immediately retract from the sample surfaces without any surface dwelling in 
this case, the long-chain polymer doesn't have enough time for relaxation, thus upon 
retraction, the weak van del Waals interactions between polymer brushes and the grafted 
PCL on AFM tip surface are dominant in physical interlock behavior as shown in Figure 
7.3, while the rupture happens almost exclusively near AFM tip surface. 
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Figure 7.4 Histogram of adhesion rupture distance obtained from force spectroscopy 
measurements using PCL functionalized AFM probe on PCL STPBs templated from Ph-
PCL-SiOR PSCs grown at 5 oC (a) and PCL PLBs templated from diPCL-2SiOR PSCs 
grown at 5 oC (b) with 0 s surface dwelling. The insets of (a) and (b) are representative F-
D curves showing adhesion rupture distance much larger than the contour length of 
polymer brushes as highlighted by solid circles in both figures, and the cartoon above each 
curve illustrates the position of physical interlock between polymer brushes and polymer 
chain on AFM probe corresponding to the F-D curve provided. 
 
Since sufficient relaxation and mixing of polymer chains are required for the 
development of entanglements, the short time provided for chain interactions before tip 
retraction should be responsible for the small percentage of strong adhesion. Thus, a 10 s 
surface delay is then introduced to allow more sufficient interactions. The histogram of 
adhesion force obtained from both STPBs and PLBs are summarized in Figure 7.5. First 
of all, with surface dwelling, the probability of PLBs and STPBs showing cohesion with 
AFM probe increases to 34.6% and 57.1 %, respectively. This can be attributed to that 
during surface delay, polymer brushes originally avoided contact with AFM probe go back 
to their equilibrium state,422 thus increases the number of possible interlock with polymer 
chain on the tip. Meanwhile, the prolonged relaxation of force sensing polymer on AFM 
probe should also contribute to higher probability of rupture-like adhesion behavior.414 The 
difference between the percentage obtained with STPBs and PLBs however should be 
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attributed to the mechanically stiffer nanostructure of PLBs compared with STPBs as 
demonstrated in earlier simulation work,423 which could effectively result in less 
deformation of PLBs layer compared with STPBs when identical indentation force was 
applied during tip approaching. Since the polymer chain structure of the grafted PCL on 
AFM probe surface is constant in both experiments, less deformed brushes would lead to 
smaller contact area between AFM probe and polymer brushes, thus smaller probability of 
adhesion behavior. 
 
 
Figure 7.5 Histogram of adhesion force obtained from force spectroscopy measurements 
using PCL functionalized AFM probe on PCL STPBs templated from Ph-PCL-SiOR PSCs 
grown at 5 oC (a) and PCL PLBs templated from diPCL-2SiOR PSCs grown at 5 oC (b) 
with 10 s surface dwelling. (c-e) Representative F-D curves obtained from identical force 
spectroscopy measurements showing weak van del Waals interactions between grafted 
PCL chain on AFM tip surface and STPBs (c), PLBs (d), and strong entanglement 
formation between grafted PCL chain and PLBs (d). The cartoon on the left side of each 
curve illustrates the formation of physical interlock between polymer brushes and polymer 
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chain on AFM probe which results in corresponding extension and rupture. The black dots 
in each cartoon indicates the weak interlock position, while the red dot in (e) indicates the 
position where strong entanglement was formed. 
 
The probability in forming strong entanglement is also much higher after surface 
dwelling was applied for PLBs. As clearly demonstrated in Figure 7.5b that the distribution 
of adhesion force is noticeably broadened compared with Figure 7.3b, and the frequency 
of strong adhesion due to Velcro-like entanglement between grafted PCL chain on AFM 
tip and PLBs drastically increased from 0.92% to 11.18%, as depicted in Figure 7.5e. 
Meanwhile as demonstrated in Figure 7.5a & c, this strong interaction still cannot be 
obtained when STPBs were used for force spectroscopy measurements, however compared 
with force distribution without surface dwelling as shown in Figure 7.3a, the appeared 
adhesion has also been strengthened. This can be explained by the formation of multivalent 
interactions between STPBs and PCL chain on AFM tip as shown in Figure 7.5c which 
could lead to collective adhesion that exhibits larger force upon retraction.424 Such behavior 
is reasonable considering the relatively slow dynamics of polymeric linker between AFM 
probe and polymer brushes, and the trend is in agreement with other reports.425-427 However 
for PLBs, such collective adhesion of multivalent interactions are much less pronounced 
as shown in Figure 7.5, especially for those curves showcasing strong physical 
entanglement, single peak force-extension behavior is exclusively demonstrated. These 
results suggest due to the differences in physical conformation of tails and loops, non-
specific van del Waals interactions are much easier to form between bridging molecule on 
AFM tip and STPBs compared with PLBs, yet the formation of strongly entangled 
molecular Velcro is relatively more favorable with PLBs. Considering the critical 
entanglement molecular weight (Mc) of PCL in melt (~ 5000 g/mol),
428, 429 it is reasonable 
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for STPBs with MW around 3000 g/mol that the entanglement between polymer brushes 
and grafted PCL on AFM tip can be effectively prevented, especially with the presence of 
good solvent which further increases Mc.
430 However for PLBs on the other hand, even 
though the brush height is similar with single-tethered counterparts, the unique loop 
geometry provides effective load-bearing sites for entanglement to be developed,431 and 
the breaking of such interaction eventually leads to strong adhesion as measured in AFM-
FS shown above. 
 
 
Figure 7.6 Histogram of adhesion rupture distance obtained from force spectroscopy 
measurements using PCL functionalized AFM probe on PCL STPBs templated from Ph-
PCL-SiOR PSCs grown at 5 oC (a) and PCL PLBs templated from diPCL-2SiOR PSCs 
grown at 5 oC (b) with 10 s surface dwelling. The insets of (a) and (b) are representative F-
D curves showing adhesion rupture distance much larger than the contour length of 
polymer brushes as highlighted by solid circles in both figures, and the cartoon above each 
curve illustrates the position of physical interlock between polymer brushes and polymer 
chain on AFM probe corresponding to the F-D curve provided. 
 
The surface delay also greatly increases the probability of long-distance bond rupture 
for both STPBs and PLBs as shown in Figure 7.6, and the probability elevated from 0.5% 
to 4.5% in STPBs, while in PLBs this number is further raised to 13.1%. Such behavior is 
again due to the provided dwelling time which allows rearrangement of tip-grafted PCL 
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chain to relax and lower its energy.425 During this process, the motion of segments close to 
its free tail can potentially provide physical bonding sites with polymer brushes once they 
are exposed from the random coil of grafted chain, which can eventually lead to the 
broadening of the distribution of rupture distance. The difference between the frequency 
of STPBs and PLBs can solely be ascribed to the unique physical conformation of loops, 
which can capture linear chain more effectively compared with short STPBs used herein 
through a nanoscale Velcro-like mechanism. 
 
 
Figure 7.7 Summary of the adhesion force and corresponding rupture distance obtained 
from force spectroscopy measurements using PCL functionalized AFM probe on PCL 
STPBs templated from Ph-PCL-SiOR PSCs grown at 5 oC and PCL PLBs templated from 
diPCL-2SiOR PSCs grown at 5 oC with 10 s surface dwelling. 
 
 Based on these statistical results, we can conclude that with more efficient relaxation 
of tip-grafted polymer chains, the rearrangement of the force-sensing polymer could 
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strongly facilitate the physical bonding with polymer brushes, while the mechanism for 
such interactions is strictly dictated by the conformation of polymer brushes (loops vs. 
tails). As summarized in Figure 7.7, chain entanglement induced strong adhesion between 
PCL chain on AFM probe surface and polymer brushes only happens when brushes adopt 
loop conformation, while the rupture distance of physical bonding upon retraction shows a 
significantly broader distribution for PLBs compared with STPBs due to the geometrical 
difference as discussed above. Interestingly, it can be noticed that the breaking of chain 
entanglement seems only happens at chain segment close to the surface of AFM tip. This 
is because the snake-like “reptational” motion of chain end is very much more rapid than 
the translational motion of polymer main chain.382 During the disentanglement process 
(probe retraction), the fast dynamic of chain end allows sufficient relaxation from 
entangled network, thus only exhibit weak adhesive interactions as shown in Figure 7.7. 
For entanglement formed at the main-chain segments however, the relaxation dynamic is 
orders of magnitude slower that during the fast retraction process, such strong interaction 
cannot be broken via chain sliding from the “dead” knot, which eventually leads to 
extremely strong adhesion force upon breaking of such bond. 
7.3.2 Adhesion surface at macroscopic scale 
As demonstrated in previous experiments, because of the loop conformation, 
entanglement between PLBs and dangling free chain end can be significantly enhanced 
compared with STPBs which closely mimics molecular Velcro interactions. This strong 
interaction can induce adhesion force large enough to potentially break single chemical 
bond as studied by AFM-FS, which makes PLBs promising candidate for surface 
modification materials with strong adhesion performance. More importantly, as shown in 
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the last chapter that, large scale uniform coating of PLBs can be conveniently prepared by 
simply dropcasting PSCs onto flat surfaces followed by chemical immobilization and 
washing of substrates, thus the fabrication of macroscopic adhesive surfaces can be 
efficiently accomplished using this method. As a proof of concept, a macroscopic adhesive 
device was constructed using two PLBs grafted glass slides with a piece of PCL film in 
between as illustrated in Scheme 7.1. At temperature higher than the melting point of PCL 
film, the polymer chains at the film surface have enough energy to interact with glass slides 
forming multiple physical bonding, which can dissipate external energy by breaking these 
interactions when subject to lap-shear experiments, hence forming adhesive junction. Thus, 
the adhesion strength solely depends on the type of interaction at the interface between 
glass slides and PCL film. In theory, if we assume all the PLBs can form strong molecular 
Velcro entanglement with exposed PCL chains on film surfaces, and the breaking of such 
interaction result in the breaking of Si-C bond with mean force of 1.5 nN as expected before, 
given the grafting density of PLBs ~ 0.35 /nm2 on glass slides calculated in the last chapter, 
the highest surface adhesion strength can reach 525 MPa. In reality however, there will be 
many limiting factors that prevent the adhesion performance from reaching this value, 
including the small probability of strong entanglement formation as shown in earlier 
discussions, insufficient number of available free-dangling chain ends at the film/glass 
interfaces, etc. Nonetheless, compared with bare glass slides or STPBs grafted slides which 
solely rely on non-specific van del Waals interactions between PCL film and substrates, 
such molecular Velcro interactions should still significantly enhance the measured 
adhesion performance. 
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The lap-shear experiments were done at room temperature after adhesion junction 
was formed. The adhesion strength of each PCL film/glass slides combination is calculated 
based on the weight required for two opposing glass slides be separated and is summarized 
in Figure 7.8. It can be noted that by grafting STPBs onto the glass substrates, as-prepared 
adhesive joint already shows improvement compared with bare glass surfaces. Although 
as discussed before that due to the short MW of STPBs used herein, no strong entanglement 
between polymer chains from PCL films and STPBs can be formed, the improved chemical 
compatibility from PCL brush grafting should be responsible for the increased adhesion 
strength. When PLBs are grafted however, the adhesion strength increased drastically 
compared with both bare glass substrate and STPBs functionalized surface. This significant 
enhancement is because of the capability of forming strong Velcro-like molecular 
entanglement between polymer chain on PCL film and PLBs as evidenced by previous 
studies using AFM-FS. The measured value is significantly smaller compared with the 
theoretical limit due to the above mentioned reasons. However compared with literature 
reported supramolecular recognition-based molecular Velcro adhesive device,410, 411 the 
adhesion strength measured herein is significantly higher, which again successfully 
demonstrates that much stronger molecular Velcro can be constructed based on 
entanglement between polymer chain ends and loops. Moreover, in order to investigate the 
repeatability of the strong adhesion joint prepared here, two consecutive lap-shear 
experiments using identical method were performed after the joint was broken and the glass 
surfaces were thoroughly cleaned. As shown in Figure 7.8, the obtained adhesion strength 
from these two experiments are similar compared with the pristine sample, which suggests 
the adhesive interaction formed between PLBs and PCL film is highly stable. This again is 
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much more advantageous compared with reported molecular Velcro systems based on 
supermolecular recognition which show irreversible adhesion strength loss after first joint 
failure. 
 
 
Figure 7.8 Summary of the adhesion strength measured from lap-shear experiments for 
each glass slides/PCL film combination. 
 
Imaging of the fracture surfaces was conducted after the lap-shear experiments in 
order to determine the failure mechanism for each sample. As shown in Figure 7.9a-c, for 
all three sample combinations (bare glass/PCL film, STPBs grafted glass/PCL film and 
PLBs grafted glass/PCL film), the fracture appears to happen exclusively at the interface 
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between PCL film and glass substrate as evidenced by the appeared clean surface of the 
right glass slide, indicating an adhesion failure mechanism. These surfaces were then 
characterized using SEM to better support the above statement. The results summarized in 
Figure 7.9d-i however indicate the adhesion failure mechanism based on digital images 
doesn’t apply to PLBs grafted glass/PCL adhesion joint. As shown in Figure 7.9f & i, the 
bulk PCL film resides on the left glass substrate has a very rough surface, while the 
opposing glass surface which seems “clean” in digital image exhibit very clear “stripe” 
features. The magnified SEM image of Figure 7.9i clearly indicates that these stripes are 
composed of bulk polymers which undoubtedly came from the “sandwiched” PCL film 
when the adhesion joint was broken. This also explains the roughness of PCL film surface 
shown in Figure 7.9f, indicating cohesion failure of PCL bulk film should also contribute 
to the failure of the joint between PLBs grafted glass surface and PCL film studied herein. 
This suggests that the calculated stress should be smaller than the real adhesion strength 
between PLBs grafted glass substrate and PCL film. On the other hand, SEM images of 
the fracture surfaces from STPBs grafted glass and bare glass surface show very clean 
substrates, while the opposing bulk PCL film surface is also much smoother compared with 
Figure 7.9f, which unambiguously support adhesion mechanism. These results strongly 
prove that by using PLBs as surface functionalization materials, large scale adhesive 
interfaces based on Velcro-like chain entanglement with free-dangling chain ends on 
polymer film surfaces can be efficiently fabricated. 
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Figure 7.9 Digital images of the fracture surfaces: (a) adhesion joint between bare glass 
and PCL film; (b) adhesion joint between STPBs grafted glass surface and PCL film; (c) 
adhesion joint between PLBs grafted glass and PCL film; (d) adhesion joint between PLBs 
grafted glass and PCL film after overnight anneal at 80 oC. (e-l) Scanning electron 
microscopy (SEM) images of the fracture surfaces: (e & i) adhesion joint of (a); (f & j) 
adhesion joint of (b); (g & k) adhesion joint of (c); (h & l) adhesion joint of (d). The inset 
of k shows the magnified “stripe” area which clearly indicates the existence of PCL layer 
from the film surface after adhesive interaction was broken. The scale bars in (a), (b), (c) 
& (d) are 5 mm. The scale bars in (e-l) are 10 µm. The scale bar in the inset of (k) is 1 µm. 
 
Even though the strong interfacial adhesion between PCL film and PLBs grafted 
glass slides has been demonstrated that it can induce cohesion failure of given PCL bulk 
film, the experimental results suggest at such conditions, adhesion failure also contributes 
to the breaking of adhesion joint as evidenced by the blank area between polymer stripes 
as shown in Figure 7.9i. This is mostly likely due to the inefficient development of strong 
physical entanglement between polymer chains at PCL film surfaces and PLBs at given 
condition, which is proven in above force spectroscopy experiments that such interactions 
require prolonged contact between two surfaces. Thus, one can expect that if the PCL film 
and PLBs grafted on glass slides can interact with each other under melt condition for 
longer time, the physical entanglement between them should be developed more efficiently, 
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which as a result could lead to stronger interfacial adhesion. To support this statement, a 
new set of samples were prepared by sandwiching the identical PCL film between two 
PLBs grafted glass slides, and they were left on hot stage at 80 oC under compression (500 
gm) for overnight before the samples were cooled down to R.T. for shear adhesion strength 
measurement. The measured strength at breaking is also plotted in Figure 7.8 which shows 
a significant enhancement compared with adhesion joint between PCL film and PLBs 
prepared at 80 oC for only 30 min. This clearly suggest that with prolonged contact between 
PCL chains on film surface at molten state with grafted PLBs, the interfacial adhesion can 
be greatly strengthened due to more efficiently developed physical entanglement. More 
interestingly, the digital pictures of the fracture surfaces as displayed in Figure 7.9d 
indicate that the adhesion joint failure should be exclusively due to the cohesion breaking 
of PCL bulk film at given load, which is strongly supported by the fact that residual film 
can be observed on both slides. Detailed SEM characterizations of the residual PCL film 
on glass slides reveal the rough surfaces as shown in Figure 7.9h & l, which is expected 
given the cohesion failure of the bulk PCL film. While such feature is also observed in 
Figure 7.9g & k, the surface roughness of the residual film in Figure h & l is unambiguously 
more significant, which again is due to the much stronger adhesion between PCL film and 
grafted PLBs that leads to the formation of fracture surface positioned at much further 
interior of the bulk film. 
 Conclusions 
In this chapter, systematic studies on the adhesion properties of PLBs prepared using 
PSCryT method were performed at both nano- and macro-scale. First of all, AFM-based 
force spectroscopy measurements were conducted using single PCL chain (MW ~ 38k 
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g/mol) grafted AFM tip as the probe to detect the interactions between long chain polymer 
and polymer brushes on solid substrate, and the results were used to compare with those 
obtained from STPBs prepared with similar grafting density and half the MW of PLBs. It 
is found that due to the strong load-bearing capability of loop geometry, molecular Velcro-
like chain entanglement can be constructed between the free dangling polymer chain on 
AFM probe and PLBs, which result in adhesion force that is potentially large enough to 
dissociate single chemical bond upon disentangle. This property makes PLBs promising 
surface functionalization molecules where strong adhesion is required. 
As a proof of concept, large surface functionalization on glass slides using PLBs was 
performed, and the surface adhesion property was characterized using a lap-shear 
experiment with a piece of PCL film sandwiched in between two glass slides whose 
surfaces were functionalized using the same materials (bare, STPBs or PLBs). Physical 
interactions between polymer chains at the surfaces of PCL film and glass slides resulted 
in strong adhesion joint formation, and the measured strength for each glass slides/PCL 
film combination were compared to evaluate how polymer brush conformation can affect 
surface properties at macro-scale. It is found that due to the formation of molecular 
entanglement between PLBs and polymer chains at the interface of PCL film and glass 
slides, the measured adhesion is significantly stronger than the adhesion joints constructed 
using STPBs grafted glass slides and bare glass slides. While adhesion failure is found for 
the breaking of the latter two, cohesion failure was observed in the adhesion joint prepared 
with PLBs grafted glass slides and PCL film due to the extremely strong adhesion at the 
interface. Such performance also show great reproducibility as opposed to other adhesive 
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interfaces based on Velcro-like interactions using supermolecular recognition, which 
demonstrates great advantages of this system. 
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 CHAPTER EIGHT: UV-RESPONSIVE ADHESION ENABLED BY POLYMER 
LOOPS AND AZOBENZENE-BEARING POLYMER 
 Introduction 
By using PLBs as surface modification polymers, molecular Velcro-like interaction 
can be introduced when polymer brushes are allowed to entangle with free polymer chain 
ends either in bulk or solution which can lead to extremely strong adhesion as demonstrated 
in the previous chapter. However in practical applications, especially in biological systems, 
reversible adhesion is essential in many activities. This property has been achieved by 
several approaches including mimicking the hierarchical structures of gecko feet using 
patterned polymeric pillars or carbon nanotubes,432-435 and supramolecular guest-host 
recognition such as ferrocene/cucurbit[n]uril (CB[n]) macrocycle molecules410, 411 or 
azobenzene/cyclodexin (CD).436, 437 The reversibility of these adhesives can be realized by 
grafting responsive polymer brushes on the surface of artificial keratinous setae438 or by 
controlled dissociation of supramolecular interactions using external stimuli such as ion 
strength, voltage or light.439, 440 Especially since light is considered one of the most 
convenient and controllable external stimuli, photo-responsive functionalized surface 
based on trans-cis isomerization of azobenzene groups have been receiving increasing 
attentions. 
In order to improve the current system developed herein, a qualitative study on 
bringing reversibility to molecular Velcro with PLBs using azobenzene groups was 
conducted in this chapter. As shown in Scheme 8.1, a polymer with azobenenze groups on 
the side chain was designed as photo-responsive force sensor. When azobenzene moieties 
are at their cis-conformation, because of the twisted “hook”-like morphology, it is proposed 
170 
 
that they can form much stronger interlock with PLBs mimicking Velcro-like interactions 
as shown on the right of the Scheme compared with trans-azobenzene. This statement was 
carefully examined using AFM-based force spectroscopy measurements under two 
conditions (with or without UV irradiation), and the adhesion force data strongly support 
the molecular image as illustrated in the scheme. Meanwhile, the photo-responsiveness 
could not be achieved when STPBs were used to interact with azobenzene-containing 
polymer chains, while only non-specific van del Waal interactions were observed. These 
results further proves the molecular Velcro structure proposed in the illustration. 
 
Scheme 8.1 Schematic illustration of photo-responsive adhesion between azobenzene side-
chain polymer functionalized AFM probe and polymer loop brushes (PLBs). 
 
 
 Experimental procedure 
8.2.1 Random copolymerization of methyl methacrylate (MMA) and 4'-(4-((E)-(4-(12-
(methacryloyloxy)dodecyloxy)phenyl)diazenyl)benzoyloxy)biphenyl-3-yl 4-((E)-
(4-(tetradecyloxy)phenyl)diazenyl)benzoate (DAZo) 
DAZo was synthesized according to literature. ATRP was employed to synthesize 
P(DAZo-co-MMA) using 2-hydroxyethyl 2-bromoisobutyrate as initiator and 
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CuBr/PMDETA as catalyst complex. The schematic illustration of the polymerization 
process is shown in Scheme 8.1 and the procedure is described as follows: in a Schlenk 0.1 
g DZo, 0.2 g MMA, 1.5 mg initiator and 1.8 mg PMDETA were dissolved in 5mL toluene 
until homogeneous. Three cycles of freeze-pump-thaw were applied to remove oxygen in 
the flask. After that, 1.5 mg of CuBr was quickly added into the mixture at frozen state, 
followed by two more freeze-pump-thaw cycles. The reaction was carried out at 80 oC for 
48 hr before the polymerization was quenched by exposing the flask to air. The copper salt 
in solution was removed using an activated alumina column, and the polymer was 
precipitated three times using hexane, collected by vacuum filtration, and dried in vacuum 
oven for 24 hr. 
 
Scheme 8.2 Polymerization of P(DAZo-co-MMA) random copolymer via ATRP 
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8.2.2 Grafting of P(DAZo-co-MMA) on AFM tip surface 
The grafting of P(DAZo-co-MMA) on AFM probe surface was conducted via the 
similar procedure mentioned in previous chapter using PCL as the grafting polymer. 
Briefly, as received probes were firstly cleaned using hot piranha solution to remove 
organic contaminant, then the tips were modified by immersing in a 2 mL solution of 2-
aminoethanol hydrochloride in dry dimethylsulfoxide (DMSO) (5.7 M) with 4 Å molecular 
sieves for 16 hr. After that, the cantilevers were rinsed with dry DMSO, transferred into a 
0.04 M p-phenylene-diisocyanate solution in dry DMSO and left to react for 20 min. The 
cantilevers were rinsed again with dry DMSO and transferred to the final solution of 0.1 
mg/mL P(DAZo-co-MMA) solution in the mixture of chloroform and dry DMSO 
(V/V=1/1) and left for 2 hr at room temperature. After that the cantilevers were rinsed 
thoroughly with chloroform, dried under nitrogen, and stored in a gel pack until use. 
8.2.3 Force spectroscopy measurements and analysis 
The functionalized probe was programmed to approach to, indent and then retract 
from the sample at a constant z-piezo displacement rate (300 nm/s, approximately equals 
the indentation depth rate) up to 5 nN. When necessary, UV irradiation using a UV source 
(365 nm, 3000 mW) from a distance about 10 cm parallel of sample stage was applied for 
60 s before force measurements. All curves were acquired at dark environment, and 
identical UV irradiation treatment was applied every 5 min. Before retraction, a surface 
delay time of 10 s was applied to allow further interaction between AFM probe and brush 
samples. For each tip and sample combination, at least 10 locations were picked up 
randomly and tested to give ~ 500 force curves. For each curve from a location, the 
cantilever deflection (in volts) and z-piezo displacement (in μm) were converted to an 
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indentation force (in nN) and distance (in nm) through calibrating the cantilever deflection 
sensitivity (nm/V) by indenting on a hard mica substrate and a spring constant (nN/nm) via 
thermal vibration. 
The unloading portion of the curve at each location was noise filtered and baseline 
corrected. Then the curves were hand-picked to identify the existence of adhesion force 
and also to categorize. For each curve, the effective contact point of the retract curve was 
determined as the last point with force larger than 3 times the standard deviation of the flat 
part of the curve. Then the maximum adhesion force was determined as the absolute value 
of the adhesion force from the retract curve. 
 Results and discussions 
8.3.1 P(DAZo-co-MMA) random copolymer and its UV-responsiveness in solution 
ATRP initiator with hydroxyl moiety was used for the polymerization of P(DAZo-
co-MMA) in order to introduce hydroxyl group at the polymer chain end for the following 
chemical grafting onto probe surface. NMR and GPC were used to study the chemical 
structure of P(DAZo-co-MMA) as shown in Figure 8.1. Based on the integral area of peak 
between 3.7 ~ 3.9 ppm (inset of 8.1a), 3.6 ppm and 3.95 ppm, it can be calculated that the 
degree of polymerization of MMA is around 250, while there is about 10 DAZo units in 
one polymer chain. The GPC characterization of P(DAZo-co-MMA) shown in Figure 8.1b 
indicates the PDI of this copolymer is around 1.2. 
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Figure 8.1 (a). 1H nuclear magnetic resonance spectrum of P(DAZo-co-MMA); (b). Gel 
permeation chromatography (GPC) curve of P(DAZo-co-MMA). 
 
The photo-responsive isomerization behavior of the azobenzene moieties on 
P(DAZo-co-MMA) in solution was characterized by measuring the UV absorption of its 
solution in toluene at room temperature. As shown in Figure 8.2a, the as-prepared solution 
exhibit a strong absorption peak at 365 nm, which corresponds to the trans- conformation 
of azobenzene structure. The solution was then subjected to UV irritation (~ 365 nm) for 1 
min, and the absorption spectrum was recorded every 10 s during to observe the evolving 
isomerization of azobenzene side groups. As clearly conveyed from Figure 8.2a, the 
intensity of the absorption peak at 365 nm gradually decreases with longer UV treatment, 
while a new peak at 450 nm appears and gradually intensify. This is an unambiguous 
evidence for the isomerization of azobenzene from trans- to cis- structure. After 60 s of 
UV irradiation, the absorption peak at 365 nm completely disappears, indicating the full 
transformation of trans-azobenezene to cis-azobenzene. Furthermore, trans-azobenzene 
can be fully recovered once the solution was exposed to white light irradiation after the 
above experiment as illustrated in Figure 8.2b. Within 10 s of irradiation by white light, 
the strong absorption peak at 365 nm can be completely reinstated while the peak at 450 
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nm fully diminishes, suggesting the reappearance of trans-azobenzene of all the side groups 
on copolymers. 
 
 
Figure 8.2 UV spectra of P(DAZo-co-MMA) dilute solution (0.01 wt.%) in toluene 
showing photo-responsive behavior: left. UV absorption spectra of polymer solution after 
UV irradiation with different time period; right. UV absorption spectra of polymer solution 
with white light irradiation at different time period after being exposed to UV (365 nm) for 
60 s. 
 
8.3.2 Grafting of P(DAZo-co-MMA) on AFM probe surface 
After obtaining P(DAZo-co-MMA), the polymer chains were grafted onto Si3N4 
AFM tip surface using the similar method for the grafting of PCL38k-OH as described in 
the last chapter. In order to test whether the attachment of polymer chain is successful, a 
series of force-distance curves was recorded using functionalized AFM probe on freshly 
cleaved mica surface prior to force spectroscopy measurements on polymer brushes. A 
typical retracting curve is plotted in Figure 8.3, which clearly show a single chain force-
extension behavior due to the physical interaction between the polymer chain grafted on 
AFM tip surface and mica. Based on the DP of P(DAzo-co-MMA) calculated from NMR, 
the contour length of this molecule should be around 65.4 nm. This number is clearly larger 
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than the rupture distance (15 nm) as illustrated in Figure 8.3, which indicates the physical 
adsorption of chain segment on mica surface happens at the unit close to the grafting point 
on AFM tip surface instead of chain end. 
 
 
Figure 8.3 Representative force-distance (F-D) curve (during retraction) showing 
desorption of single polymer chain on functional AFM probe from mica surface. The inset 
illustrates the physical interaction between polymer chain and substrate. 
 
8.3.3 UV-responsive adhesion with PLBs 
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Figure 8.4 Representative force-distance (F-D) curves obtained from force-spectroscopy 
measurements using P(DAZo-co-MMA) grafted AFM probe on PCL PLBs templated from 
diPCL-2SiOR PSCs grown at 5 oC with 10 s surface delay before retraction before UV 
irradiation (a-c) and with continuous irradiation (d-f). Three different categories of 
adhesion force can be observed in all the experiments: (a, d) single extension-rupture event; 
(b, e) multiple extension-rupture event; (c, f) single extension-rupture peak with adhesion 
force larger than 1nN. Cartoons on the left side of each curve illustrate the physical 
interactions occuring during probe retraction: solid circles are denoted as van del Waals 
interaction, and crosses are denoted as strong entanglement. 
 
The interactions between P(DAZo-co-MMA) on AFM probe with PLBs were then 
characterized using AFM-based force spectroscopy as described in the experimental 
section. First of all, since all adhesion measurements were conducted in toluene, the photo-
responsiveness of the grafted polymer can be considered identical with its dilute solution 
as measured previously. Thus, by monitoring the adhesion force obtained from retrace 
curves of force spectroscopy, we can investigate how UV irradiation resulted isomerization 
of azobenzene moieties affects the physical interactions between grafted P(DAZo-co-
MMA) and PLBs. Figure 8.4 summarizes the typical retraction curves showing adhesion 
obtained in the measurements before and after UV irradiation. As seen from the curves, 
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typical bridging effects between AFM probe surface and PLBs grafted substrate resulted 
from the formation of physical interlock between P(DAZo-co-MMA) and PLBs are 
observed in each figure.441 When no UV was applied, i.e., the azobenzene groups were at 
trans- conformation, 4.96% of all the retraction curves shows single chain extension profile 
with force around few hundreds of piconewtons, while the majority (~ 92.95%) exhibits 
overlay of multiple chain ruptures with similar force value. This suggests that with large 
azobenzene side groups, significant amount of sites for the formation of physical 
interactions with polymer brushes can be provided. The magnitude of forces however 
indicates that most adhesion are resulted from non-specific van del Waals interactions 
between grafted P(DAZo-co-MMA) and PLBs.413, 442, 443 Nonetheless, about 1.9% of the 
adhesion curves were found showing single spike with significantly large force (> 1.5 nN), 
which from the discussion of last chapter is potentially strong enough to break single Si-C 
bond. This indicates that with loop structure on the surface, strong chain entanglement 
formation between P(DAZo-co-MMA) and PLBs is feasible even though the probability is 
small. After UV irradiation was applied however, the frequency of the occurrence of strong 
entanglements drastically increased 10 times to 25.48%, while the probability of multiple 
chain rupture overlay decreased to 70.05%. Since the trans-to-cis isomerization of 
azobenzene group would effectively decrease the length of side chains and the contact area 
upon indentation,444 reduced possibility in the overlay of multivalent physical bonds 
breaking is expected.445 Furthermore, with the identical chemical structures of both grafted 
copolymer on AFM tip surface and PLBs, trans-to-cis isomerization upon UV-irradiation 
induced physical twisting of azobenzene groups apparently is the sole reason for the 
significantly facilitated formation of strong chain entanglements. When such interaction 
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happens, the nanostructure of chain entanglement closely mimics Velcro-tape adhesives, 
with cis-azobenzene as the rigid “hook”, while the soft and densely grafted PLBs as the 
“loops”. 
 
 
Figure 8.5 Histogram of the maximum adhesion force calculated from retraction curves of 
force spectroscopy measurements without UV irradiation (a) and with UV irradiation (b). 
The solid lines are Gaussian fit of each graph. 
 
To further understand the physical picture portrayed herein, the distributions of 
adhesion force before and after UV irradiation are summarized in Figure 8.5. As clearly 
seen from the two histogram, when all azobenzene groups are at their trans- state, the 
adhesion resulted from the weak physical interactions between P(DAZo-co-MMA) and 
PLBs shows a narrow force distribution centered at 0.16 nN, which is significantly 
broadened after UV was applied. This can only be attributed to the formation of stronger 
chain entanglement between PLBs and P(DAZo-co-MMA) chain, which significantly 
increases the percentage of large adhesion occurrences as shown in Figure 8.4. The 
histogram in Figure 8.5b can be fitted using three normal distributions of 0.28 ± 0.14 nN, 
0.77 ± 0.54 nN and 1.73 ± 0.66 nN, respectively, which represent three individual adhesive 
behavior from the physical interactions between P(DAZo-co-MMA) and PLBs. The first 
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distribution with the smallest force should be resulted from non-specific van del Waals 
interactions similar to the adhesion force observed in force spectroscopy measurements 
without UV irradiation, while the second and third distributions with larger forces should 
be from the Velcro-like entanglement between cis-azobenzene and PLBs. However, the 
existence of two separated distributions indicates that such entanglement can possibly lead 
to two different polymer chain stretching behavior. Considering the mean value of these 
two distribution, the larger force is probably resulted from the breaking of single Si-C bond 
when chain entanglement is so strong that the trapped loop cannot be slide out of interlock 
regime;415, 416, 446 the relatively smaller force should be resulted from the physical 
dissociation of cis-azobenzene groups from the mechanical interlock with PLBs. Such 
behavior can possibly happen when the entanglement is formed at specific site that is close 
to the edge of azobenzene group, where the trapped loop chain would have the opportunity 
to slide out of the interaction without breaking any chemical bonds. 
 
 
Figure 8.6 Histogram of the work of adhesion calculated from retraction curves of force 
spectroscopy measurements without UV irradiation (a) and with UV irradiation (b). The 
solid lines are Gaussian fit of each graph. 
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Other than the absolute adhesion force, such Velcro-like interactions can also result 
in significantly larger adhesion energy, which is shown by the distribution of work of 
adhesion, i.e., energy required to break the adhesion between P(DAZo-co-MMA) chain 
and PLBs calculated from individual retraction curve of force spectroscopy measurements 
summarized in Figure 8.6. Before UV was applied, the work of adhesion falls into a narrow 
distribution with mean value of 211.2 kBT, while the distribution is again broadened after 
the trans-to-cis isomerization of azobenzene groups was induced. Three normal 
distributions can also be used to fit into this profile as shown in figure 8.6b with value of 
562 ± 18.6 kBT, 2676.4 ± 267.6 kBT and 7542.6 ± 851.6 kBT, respectively. The originality 
of these three energy profiles can again be attributed to non-specific van del Waals 
interactions, physical dissociation of cis-azobenzene from molecular Velcro, and strong 
chain entanglement between cis-azobenzene and PLBs resulting in chemical bond rupture, 
respectively. Based on these analysis, it can be concluded that by using P(DAZo-co-MMA) 
as the force probe, UV-triggered strong adhesion from molecular Velcro interactions 
between cis-azobenzene and PLBs can be obtained. 
8.3.4 Comparison with STPBs 
 
 
182 
 
Figure 8.7 Representative force-distance (F-D) curves obtained from force-spectroscopy 
measurements using P(DAZo-co-MMA) grafted AFM probe on PCL STPBs templated 
from Ph-PCL-SiOR PSCs grown at 5 oC with 10 s surface delay before retraction before 
UV irradiation (a & b) and with continuous irradiation (c & d). Two different categories of 
adhesion force can be observed in all the experiments: (a, c) single extension-rupture event; 
(b, d) multiple extension-rupture event. Cartoons on the left side of each curve illustrate 
the physical interactions occuring during probe retraction, and the solid circles are denoted 
as van del Waals interaction. 
 
To demonstrate how conformation of polymer brushes affects the formation of 
molecular Velcro interaction with azobenzene molecules, similar force spectroscopy 
measurements were conducted with STPBs used in the previous chapter. The adhesion 
curves obtained using these brushes were summarized in Figure 8.7. Compared with Figure 
8.4, similar physical interlock between grafted P(DAZo-co-MMA) and STPBs can be 
observed, however it can be noticed that the appearance of multiple spikes in a single 
retraction curve happens much more frequently compared with the force spectroscopy 
measurements from PLBs. Moreover, both the mean adhesion force (0.38 ± 0.01 nN) and 
calculated work of adhesion (875.9 ± 54 kBT) on STPBs before applying UV are greater 
compared with those obtained on PLBs as shown in Figure 8.8. This is likely due to several 
reasons as discussed below: First of all, with similar grafting density of tethering points 
and brush height between PLBs and STPBs used in our study, the ring-like conformation 
of PLBs renders it more compact structure,423 which makes them much more rigid upon 
indentation using the same maximum force compared with STPBs counterparts. This can 
effectively reduce the interaction area between PLBs with grafted P(DAZo-co-MMA) 
chain on AFM tip, hence smaller adhesion force and less multiple chain interactions. Also, 
considering the synthetic approach for both STPBs and PLBs studied here, with similar 
grafting density of tethering points at the substrates, STPBs should have twice the 
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concentration of benzene groups exposed compared with PLBs. Due to the chemical 
affinity between benzene groups and azobenzene side chains, stronger adhesion should be 
expected with STPBs. However, the retraction curves exhibiting large adhesion force (>1.5 
nN) rupture behavior are absent in these measurements with or without UV irradiation, and 
the distributions of both adhesion force (0.37 ± 0.004 nN) and work of adhesion (1143.6 ± 
25.4 kBT) resulted from physical interactions of P(DAZo-co-MMA) with STPBs don’t 
show noticeable difference as observed in Figure 8.8. Apparently, no strong chain 
entanglement can be induced by isomerization of azobenezene moieties, which can be 
explained by the fact that the linear conformation of STPBs cannot form Velcro-like 
physical interlock with cis-azobenzene moieties. This is consistent with force spectroscopy 
results obtained using PCL38k-OH grafted AFM probe described in the last chapter, which 
again emphasizes the significance of polymer chain conformation on their adhesion 
properties. 
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Figure 8.8 Histogram of the maximum adhesion force (a & c) and work of adhesion (b & 
d) calculated from retraction curves of force spectroscopy measurements without UV 
irradiation (a & b) and with UV irradiation (c & d). The solid lines are Gaussian fit of each 
graph. 
 
 Conclusions 
In this chapter, a UV triggered adhesive system based on the physical interactions 
between PLBs and azobenzene side chain polymer (P(DAZo-co-MMA)) has been 
established and the performance was measured using AFM-based force spectroscopy 
studies in solution with P(DAZo-co-MMA) grafted AFM probe as the force sensor. By 
applying UV irradiation to P(DAZo-co-MMA) solution, complete trans-to-cis 
isomerization of azobenzene moieties can be realized within 60 s, while the physical 
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interlock between PLBs and P(DAZo-co-MMA) chain can be significantly strengthened 
due to the formation of strong Velcro-like interactions. As a comparison, STPBs were 
subject to identical force spectroscopy measurements, and the results show that the 
isomerization of azobenzene has not effects on their interactions, which emphasize the 
significance of loop conformation on the formation of strong Velcro-like physical interlock. 
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 CHAPTER NINE: CONCLUSIONS AND OUTLOOKS 
 Major findings 
As one of the most effective surface modification agent, polymer brush is promising 
in various applications. With the rapid development of synthetic methods for polymer 
brushes, we can precisely control the chemical and physical structures of these materials 
on both flat surfaces and nano-sized curved surfaces that could exhibit countlessly different 
properties. However, the traditional “grafting-to” and “grafting-from” methods for the 
preparation of chemically bounded polymer brushes are also being challenged in many 
cases, such as the controlled synthesis of Janus nanoparticles with asymmetrically 
distributed polymer brushes (Janus hairy nanoparticles (JHNPs)), polymer brushes with 
exceptionally high grafting density (> 1 chain/nm2), and preparation of uniform polymer 
loop brushes (PLBs) with sufficiently high grafting density for detailed experimental 
studies. This thesis study aims to tackle these technical problems associated with current 
researches in the specific area of polymer brush synthesis and characterizations by 
proposing a fundamentally different synthetic route based on highly controllable and 
regular platform – polymer single crystals (PSCs), and detailed experimental results 
support the advantages of this novel method, as well as the significance of the physical 
conformation of polymer brushes on their properties. 
The major findings are listed below: 
 By using chain-end functionalized semicrystalline poly(ε-caprolactone) (PCL) as a 
model system, uniform PSCs with functional lamellae surfaces can be used to harvest 
nanoparticles with high grafting density, forming nanoparticles-decorated PSC sheets. 
Additional surface-initiated polymerization can be performed on the exposed surface 
187 
 
in order to introduce additional polymer brushes with specific functionalities (thermo-
responsiveness in this study). The following dissolution of these nanosheets can lead 
to nanoparticles with asymmetrically grafted polymer brushes their surfaces. 
Additionally, by controlling the molecular weight (MW), chain end chemical structure 
and crystallization temperature (Tc), the as-prepared hairy nanoparticles can be either 
isolate or forming dimers. Detailed studies on the experimental conditions for different 
nanoparticle morphology and physical properties of both isolated Janus nanoparticles 
and nanoparticles dimers have been performed, and the results demonstrate interesting 
responsive properties of them all. 
 PSCs can also be used for functionalization of macroscopic planar surfaces if they 
can be deposited onto a flat substrate. Due to the large aspect ratio of PSCs, they can 
orient themselves on solid substrates with functional lamellae being exposed at the 
interface. Chemical reactions between exposed chain ends on lamellae surface can thus 
be utilized for chemical tethering of polymer brushes on these surfaces. This method 
was studied using mono- and di-functionalized PCL as model systems. When mono-
functionalized PCL was used, by tuning the MW of polymer and the Tc of 
crystallization process, PSCs with controlled lamellae thickness and surface density of 
functional chain ends can be prepared as solid-state templates for polymer brushes, 
which eventually can be used to control the grafting density and MW of as-prepared 
polymer brushes. Via this approach, exceptionally high grafting density of polymer 
brushes (> 2 chains/nm2) can be achieved when all polymer chains were extended 
within crystal lamellae. Furthermore, when di-functionalized PCL was used, by 
carefully control the Tc, polymer chains can form exclusive odd-number-time folded 
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structures within crystal lamellae. With this specific morphology, the two chain ends 
of a single polymer chain would be exposed onto the same lamellae surface, resulting 
in a ring-like conformation (polymer loop brushes, PLBs). Detailed characterizations 
on these brushes have been carried out in order to confirm their physical structure and 
calculate the grafting density. Compared with previously reported synthetic methods 
for PLBs, this approach is significantly advantageous in both the controlling of loop 
morphology and high grafting density. 
 PLBs prepared using above mentioned method provides a unique platform to study 
their surface properties in detail. Using atomic force microscopy-based force 
spectroscopy (AFM-FS), we demonstrated the construction of Velcro-like interactions 
when free-dangling polymer chains were used to functionalize AFM probe surface as 
force sensor to study their physical interlock with PLBs. Formation of non-specific 
physical interactions between free-dangling polymer chains with STPBs bearing free 
tails are found more readily compared with rigid PLBs, however in many cases, 
extremely strong adhesion can be found when PLBs were used for force spectroscopy 
measurements, which sometimes even strong enough to break single chemical bond. 
This behavior was found absent in the interactions between STPBs and grafted chain 
on AFM probe surface, which demonstrates the significance of polymer brush 
conformation on their surface adhesion properties and their entanglement behavior 
with free tails. 
 Azobenzene molecule is attracting great attentions due to its interesting photo-
responsive isomerization behavior, and many studies have successfully demonstrated 
the utilization of azobenzene for the construction of functional surfaces with 
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responsive adhesive property. By incorporating azobenzene side chains into grafted 
force sensing polymer on AFM probe surface, UV-responsive adhesion can also be 
demonstrated in our study that upon trans-to-cis isomerization, Velcro-like interactions 
between azobenzene side chains and PLBs can be significantly facilitated, while no 
such interactions can be observed with STPBs. This experiment again emphasize the 
importance of polymer brush conformation on their properties. 
 Recommended future work 
To continue exploring the capability of synthesizing controlled polymer brushes 
using PSCs as solid-state templates, there are several studies that are not covered in this 
thesis but are highly recommended to conduct: 
9.2.1 Efficient preparation of block-copolymer brushes using PSCs as templates 
Block copolymer brushes have been extensively studied using either simulation 
methods or experimental studies. Because of the rich phase diagram of block copolymer 
brushes, they exhibit very interesting responsiveness that cannot be achieved by 
homopolymer brushes. The preparation of dense block copolymer brushes however is 
difficult and only by using multi-step grafting-from method can be achieved. This makes 
the control and characterizations of these block copolymers relatively challenging. 
Using PSCs as solid-state templates however, we can synthesize block copolymers 
with crystalline block before grafting considerably easier, and the chemical structures of 
these block copolymers can be much more precisely controlled. Crystallization of these 
copolymers can be conveniently performed, and similar approach for the synthesis of 
homopolymer brushes can be applied to chemically graft copolymers onto solid substrates. 
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This can potentially make our approach much more versatile with the functionality 
introduced by the extra block. 
9.2.2 Anti-fouling properties of PLBs on solid substrates 
As an important semi-crystalline polymer, polyethylene glycol (PEG) can also be 
used for the preparation of PSCs via self-seeding method. By controlling the chain folding, 
PEG loops can be conveniently synthesized. Extensive studies have been performed to 
evaluate the anti-fouling property of PEG brushes, and the results have demonstrated that 
better anti-fouling performance can be achieved with higher grafting density due to the 
stronger entropic barrier effect. Loop conformation can further enhance this effect due to 
more rigid structure, which should greatly facilitate the formation of entropic barrier of 
brushes against adsorption of external molecules. Systematic studies on the relationship 
between loop conformation, grafting density and their anti-fouling performance should be 
conducted, and much more promising property from PLBs should be expected. 
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